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Abstract. The L2.3MM Auger spectra of solid Ge have been measured using synchrotron 
radiation excitation. The most intense L2.3M4.5M45 Auger spectrum has been recorded with 
several photon energies amund the 2p thresholds. As opposed to ule 3p thresholds. no core. 
exciton-induced resonant Auger structures are found. The relative strengths of the different 
Auger p u p s  have been determined and compared with calculations performed for Ge 3tOmS. 
The relative intensities of Auger transitions within each Auger gmup are discussed. Some 
previously unresolved Auger bansitions have been found. The linewidths of Auger tmstions 
are observed to grow when lhe final-state holes locate in deeper M levels. This find-state 
broadening implies lhe presence of Auger cascades. 

1. Introduction 

Auger electron spectroscopy practised with synchrotron radiation has some advantages 
compared to more traditional excitation methods such as electron bombardment or AYMg 
Ka x-rays. Provided with the opportunity to select photon energy, one can eliminate some 
Auger transitions, thus facilitating the interpretation of spectra. This elimination can be 
applied to adjacent subshells or to unnecessarily deep core levels. The former choice 
results in the disappearance of the other spin-orbit component in the initial states of Auger 
transitions while the latter suppresses satellite transitions that occur after the deepest holes 
have first been filled by Auger processes. This scheme may, of course, be used in the reverse 
order: the contribution of the satellite transitions can be studied by comparing spectra where 
they are present and absent. 

The LMM Auger spectra of solid Ge were reported earlier by Antonides et al [l] 
and by McGilp and Weightman [Z, 31. Even before that Castle and Epler recorded the 
photoelectron and Auger spectra of several fourth-period elements [4J. They did not present 
any detailed analysis on Auger transitions but studied mainly the effects of oxidation. All 
these investigations were done with AI Ka x-ray radiation (1487 eV). In their study of 
the b3M4.5M4.5 Auger groups, McGilp and Weightman [Z] also used Mg Ka radiation 
(1254 eV), just above the LZ threshold of Ge. They noticed a significant change in the 
intensity ratio between the L3M4.5h14.5 and LzMd.5M4.5 groups compared to the AI Ka 
excited spectrum. The effect was supposed to originate from the fall of the LZ cross section 
close to the threshold. Our synchrotron radiation excited spectra confirm this conclusion 
and make it possible to study the changes in the cross section in more detail. 

Recently we have studied M2.3h14.5M4.5 super-Coster-Kronig transitions in solid Ge 
and discovered also core-exciton-induced resonant Auger processes around the 3p threshold 
1.51. When an electron is excited from the 3p shell close to the conduction band minimum, 
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it interacts stongly with the core hole and forms an intermediate bound state. Such a 
core-excitonic state can decay through Auger emission generating peaks at constant binding 
energies. This finding motivated us to study whether similar effects could be observed also 
at the 2p threshold. In the nearby elements Ni and Cu in CuO strong resonances have 
been reported, but also disputed, at the 2p threshold [&IO]. In those cases, however, the 
excitation could take place directly to the partly filled 3d band. 

2. Experimental details 

The Auger spectra of solid Ge have been measured at MAX synchrotron radiation laboratory 
in Lund, Sweden, using the beamline BL22 The beamline is equipped with a modified 
SX-700 plane grating monochromator 11 I]. Of the two gratings supplied, that having 1221 
lines nun-’ was used in these measurements. Electron spectra were recorded with a Scienta 
200 hemisperical analyser [I21 combined with an electrostatic electron lens. Pulses were 
counted with a position-sensitive microchannel plate detector system. 

The MAX I storage ring is a low-energy accelerator with a maximum electron energy 
of 550 MeV. During these measurements the storage ring was operating at 500 MeV. This 
means a critical energy of about 230 eV when the radius of the bending magnet is 1.2 
m 1131. As the 2p binding energies of Ge occur at 1217.0 eV ( 2 ~ 3 ~ )  and 1248.1 eV 
(2~112) [14], there is a severe lack of intensity at photon energies needed for recording these 
spectra. The conditions are not so extreme when pure Auger spectra are measured because 
the exit slits can be set wide open, but if some photon energy resolution is to be maintained 
the collecting times become disproportionately long. Consequently only moderate electron 
energy resolution and rather poor photon energy resolution, whenever necessary, could be 
used in the measurements. The pass energy of the electron analyser was set to 300 or 500 
eV, resulting in kinetic energy resolutions of about 1.0 eV and 1.6 eV, respectively. The 
exit slit size, 200 pm, for the monochromator gives the photon energy resolution of about 
6 eV at hu Y 1200 eV. 

Two different methods to evaporate a thick Ge film onto substrates were used. A good 
surface was achieved with Ge pieces squeezed into a spiral tungsten filament. Evaporation 
was done onto an Au surface, which had earlier been evaporated on a Cu plate. The second 
time, Ge pieces were put on a boat made of MO sheet and stainless steel was used as a 
substrate material. Ge started to vaporize only after the boat was exposed to currents of 
32-34 A. This procedure raised the pressure in the preparation chamber considerably and 
therefore the sample could not be moved immediately to the high vacuum of the analysing 
chamber. This surface showed carbon contamination so that the intensity of the C 1s signal 
was < 0.3 of the Ge 3d or 3p when corrected with atomic cross sections given by Yeh and 
Lmdau [15]. No oxygen contamination could be observed. Despite the C contamination 
on the other surface, both the samples gave similar LMh4 normal Auger spectra to those 
published by Antonides et a[ [l] and by McGilp and Weight” [2,3]. 

3. Results and discussion 

Figure 1(A) shows the L&fM Auger spectrum of solid Ge excited with the mean photon 
energy of 1400 eV. The spectrum was measured using a 500 eV pass energy in the analyser 
and the opened exit slit of the monochromator. Only the L23MlM1 transitions, which 
according to multiconfigurational Dim-Fock (MCDF) calculations have very little intensity, 
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Table 1. Experimental and calculated intensity distributions between b, ,MM Auger groups. 
Calculated energies are also given. 

Auger group Expcrimntal intensity (56) Calculated intensiry (%) Calculated cncrgics (cV) 
L3MiMi - 0.31 812.4 
LiMiMi 0.16 843.8 
LNiMz.3  
LZMIMZ,~ 
L3M2.3Mi.3 
LzMz.3M2.3 
L N i M 4 . s  

hMiM4.s  
L~M2.3M4.s 

L3M4.5M4.5 

863.9-884.9 
895.3-916.0 

13.31 "" 1 26.2 925.1-940.1 
6.66 9565-91 1.5 
1.17 973.4-976.9 

1004.8-10083 
30.8 10225-1043.0 

9.90 1053.9-1074.3 

1124.2-1134.9 

1 l55.61166.3 

LlMZ.3h.5 

} 42.6 
13.83 L 2 m . 5 m . 5  

adequate. Actually, the L2.3M4.5M4.5 Auger spectrum of atomic Ge has been published [IS] 
and it is very similar to that from the solid-state phase. The atomic calculations presented 
so far are non-relativistic [l-31 or restricted to the L2,3&,5M4,5 transitions [IS]. In this 
work, the energies and intensities of all possible 2p-' +(3s3p3d)-' Auger transitions have 
been calculated for Ge atoms. The energies were obtained from the MCDF code of Grant et 
al [19] and transition probabilities were computed using the method described in [ZO]. The 
ground state of Ge was supposed to be [Ar]3d'04s24p:,,. which is a closed-shell electron 
configuration in the applied j j  coupling scheme ([Ar] stands for the electron configuration 
of Ar). We shall denote final states using LS-symbols but it should be remembered that 
they are not pure LS-states. 

The calculated profile shown in figure 1 was constmcted using 3.2 eV broad Lorentzian 
lines, which seem to be too wide for the L$&,&,5 Auger transitions and too narrow 
for the transitions in the low-kinetic-energy end of the spectrum. Further considerations 
about the linewidths will be presented later. The calculated spectrum of figure 1 has been 
shifted by about 15 eV to higher kinetic energies to coincide better with experiment. The 
experimental freeatom-solid Auger energy shift has been reported to be 18.7 eV [IS]. In 
the case of the L+44,&,5 Auger processes, the difference between our calculated energies 
and the measured kinetic energies in Ge atoms is smaller than 4 eV [18]. The calculated 
intensities and energies for the Auger groups are displayed in table 1. As can be seen from 
both the experimental and theoretical results, the L2,3M4,5M4,5 Auger lines dominate but 
the contributions of the other groups cannot be neglected by any means. We shall shortly 
study each part of the specmm in more detail. 

The final-state holes can, of course, locate also in the valence (N) shell but the 
simultaneous calculation of these transitions was hindered by the orthogonality problems 
between the 3p and 4p wave functions. The intensity of the Auger transitions, where 
one or both of the final-state holes are in the N shell, is probably very weak. McGilp and 
Weightman [2] interpreted one broad plateau-like feature in their spectrum as an L3h'b,5N2,3 
structure. This same feature can indeed be seen in the experimental spectrum of figure 1 as 
a small shoulder just above the LzQ.sM4.s Auger lines. 

3.1. L ~ 3 M 4 . 5 M 4 . 5  Auger processes 

Figure 2 shows some of the L2.3h14.5M4.5 Auger spectra recorded with different photon 
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energies around the b , 3  thresholds. These spectra were measured with a 300 eV pass 
energy for the analyser and a 200 fim exit slit in the monochromator, except for the 1 4 0  
eV spectrum, which was measured with opened slits. In these experimental conditions 
the strongest Auger peaks, J4 ,3M4,5M4,5  ('Gq) had halfwidths of 1.6-1.7 eV. The 3d 
photoelectron line, seen in the lowest spectrum at &=1173 eV, was typically 6.5-7.0 eV 
wide, most of which originates from the bandwidth of the photon beam. All structures in 
the spectra can be assigned to non-resonant Auger lines. photoelectron lines or plasmon 
losses. The apparent changes at the low-kinetic-energy side of the spectra at hu=1249 and 
1258 eV are explained by the 3p photoelectron lines that crawl into the region. No sign of 
core-exciton-induced resonant Auger processes can be observed. They cannot, however, be 
excluded completely because of poor photon energy resolution. 

1 L,M4,5M4,5 

Pigum 2. 
amund lhe 2p fhresholds. 

The L Z , I ~ , ~ M ~ , ~  Auger spectrum measured at different photon energies 

The lowest spectrum of figure 2 is measured at hu=1202 eV, which is well below 
the L3 threshold of 1217.0 eV [14]. Despite this, some L3M4,5M4,5 Auger structure is 
visible. It probably originates from stray light that passes the monochromator without 
being monochromatized when the grating is working in extremely small grazing angles. 
The second-order light contribution should be practically non-existent. When the photon 
energy increases the L3M4.5M4.5 Auger group grows gradually until about 30 eV above the 
threshold. Here we have compared the intensity to the 3d photoline, which is of course 
not a reliable reference because the cross section of the 3d changes also as a function of 
photon energy. The LM4.5M4.5 Auger structure starts to grow when the L2 threshold is 
crossed. The same gradual increment can be observed as in the case of the L3M4.5M4.5 
Auger transitions. The L3M4,5M4.5/L2M4,5M4,~ intensity ratio calculated from the sum 
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intensities of individual Auger peaks decreases from about 6.1 at 1249 eV to 3 A  at 1258 
eV and to 2.05 at 1400 eV. This last result agrees well with the statistical population ratio 
of two between the Lg and LZ subshells. The MCDF calculations performed predict a ratio 
of 2.08 between the Lgl~b~51114.5 and L2M4.5M4.5 Auger line intensities. The experimental 
intensity ratio was obtained after using the background subtraction described in the previous 
chapter. The fit of the spectrum is displayed in figure 3. A different background affected 
the intensity ratio surprisingly little, as a Shirley background estimation gave only a slightly 
smaller intensity ratio of 2.01. From the AI Kar excited Auger spectra the intensity ratio 
was earlier reported to be 2.3 by McGilp and Weightman [2]. The small discrepancy could 
perhaps be explained by their apparent omission of the two-bulk plasmon loss peak that 
accompanies the LZM4,5h&,5 Auger shucture and lies just under the L3h14.5N.5 Auger 
group. The LzLgM4,5 Coster-Kronig processes are energetically impossible in Ge, which 
is born out just in the fact that the intensity ratio draws near to the statistical weight. The 
case is different in Cu and Zn, where the observed intensity ratio between the L3M4,5h&,5 
and LZh'b.5M4.5 Auger groups is strongly distorted [ I ,  211. 

L3M4P4.5 LzM4.5M4.5 
Lo 

I 1  I I I I 
1100 1120 1140 1160 1180 1 

KlNETlC ENERGY (eV) 
IO 

Figure 3. The background-subuarted L2 .3h14 ,~h . s  Auger spec" recorded at the mean 
photon energy of 1400 eV. The vertical ban indicate the positions of the peaks. An assignment 
for lhe peaks is given. The solid curve represents the fit. 

The relative intensities of the Auger transitions within the same group are more sensitive 
to the chosen background than the total intensity ratio between the two Auger groups. The 
experimental values shown in table 2 are derived from the fit of figure 3. Theoretical 
relative intensities are also presented in table 2. Both experiment and theory give about 
60% of the total intensity to the 'G4 terms. From figure 3 it is evident that the 3F term has 
proportionally more intensity in the L$v4,5h&,5 group than in the hM4,5M4.5 group. Here 
theory agrees almost perfectly with the values obtained from the fit. The 3P and 'D terms 
on the high-kinetic-energy side of the 'G peak could not be resolved. In the fitting only 
one peak was placed there. Table 2 shows its intensity as if it were the sum of 3P and 'D. 
The 3P term could have been combined equally well with ' G  because the calculated term 
splitting is only slightly bigger then. Thus the experimental intensity dishibution between 
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'G, 3P and ID is only indicative. The same applies also to the kinetic energy of the joint 
'P-'D peak. The energies shown in table 2 agree quite well with those given by Antonides 
etal [ 11. The relative energies of McGilp and Weightman [2] are probably the most accurate 
but they used the vacuum level as a reference instead of the top of the valence band. 

Tnble 2. Kinetic energies of the h,3M4,5ivld,5 Auger transitions relative to the top of the valence 
band. Experimental and a la laked  dative intensities iue also given. 

&@mental Experimental calculated 
Auger process Term mew (ev) intensity (%) intensity (%) 

L3ivld.5M4.5 'S  11389M.3 2 2. 1 
IC 1144.9*0.1 55 59.4 

4.1 t 6.8 

3P 

ID 
l146.5i0.3 15 

3F 1149.OiO.l 23 27.6 

LZh.5ivld.5 'S  1170.1io.2 5 2.6 
' G  1176.OiO.l 59 63.1 

3P 
11 

6.8 

9.7 

1180.0i0.2 18 17.9 

3.2. Lz,3Mz,3M4,5 Auger processes 

As the b,3&,5&,5 Auger spectra did not reveal any peculiarities at the L2.3 thresholds, 
the b,3M2,3&,5 spectra were recorded only with few photon energies. Here synchrotron 
radiation does not provide much new information, because the transitions do not overlap. 
The assignment presented in [l] is correct. 

We can demonstrate the disappearance of the b-based Auger transitions when the 
photon energy is set between the Lz and L3 thresholds. In that case the 3s photoelectron 
line occurs at the same kinetic energies as the L3M23w.5 Auger structure. To estimate 
its conhibution the spectra were measured with photon energies of about 1228 and 1238 
eV. Peak heights were only marginally different, hence the spectra were added. The result 
shown in figure 4(A) was obtained after subtracting the 'continuous' background from the 
s u m  The spectrum of figure 4(B) is a sum of the LZ,3M2,3&,5 measurements after a similar 
background subtraction. The shape of the original spectrum can been seen in figure 1. 

The k.3M23M4.5 Auger spectrum is too complicated for unambiguous interpretation. 
The following LS-terms in order of increasing kinetic energy are possible for 3p-'3d-' final 
states: IF, 'P, 3D, 3P, ID and 'F. Furthermore, according to MCDF calculations the triplets 
are spread to 1.1-2.8 eV wide regions. Anyway, it is obvious that the low-kinetic-energy 
peak in both Auger groups is composed mainly of the 'F term and to a lesser extent of the 
'P term. The high-energy peaks arise from the 3D and 3P terms. Theory predicts nicely 
the diminution of this peak in the LzM2,3&,5 Auger group as can seen from figure 1 and 
from the calculated intensities shown in table 3. The shoulder on the high-kinetic-energy 
side of the second peak in the L3M2,3h'bVZ1,5 Auger group probably originates from the ID 
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Figure 4. The La3M2.3M4.1 Anger spec”. measured behveen the L2 and L3 thresholds (A) 
and above boih the thresholds (B). 

and 3F terms. It appears in all of our spectra and should therefore. be an integral part of 
the L3M2,3M4,5 Auger decay, thus confirming the speculations of McCilp and Weight” 
[3] about its origin. The spectrum of figure 4(A) conclusively removes the possibility that 
this shoulder could be a plasmon loss peak. The experimental energies for the k 3 M ~ 3 M 4 . 5  
Auger transitions are also given in table 3. It can be noted that the energy difference 
between the high-kinetic-energy peaks of the two Auger groups is clearly smaller than the 
L z A 3  spin-orbit splitting of 31.1 rt 0.1 eV, which is in accordance with the decrease of 
the higher-energy term 3P as predicted by the MCDF calculations. It starts to seem as if 
theoretical relative intensities are quite close to reality. 

Apart from the L&3M2,3W,5 Auger transitions, the k M l W b , 5  Auger processes should 
also locate in this kinetic energy range. No distinct peaks can be observed immediately, but 
if the spectra of figure 4 are examined on top of each other, the plasmon structure below 
the L3M2,3M4,5 Auger group is seen to change its shape. This small peak could be mainly 
due to the LNlW.5 (ID) transition because theory gives much lower intensity for the 3D 
term. The location of the extracted peak agrees with the sum of the kinetic energy of the 
corresponding peak in the L3MlW.5 Auger group, which is clearly discerned in figure 5, 
and the Lz-L3 spin-orbit splitting. 

3.3. L23M~3M2.3 and L2,3M1 M23 Augerprocesses 

Figure 5 shows the kinetic energy region 900-1OOO eV measured with photon energies 
between the Lq3 thresholds (A) and above the thresholds @). The ‘continuous’ background 
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F i e  5. The L ~ ~ M Z , ~ M L ~  and L2.3M~M2.3 Auger spenra measured between the Lil and L3 
thresholds (A) and above both the thresholds @). 711e solid line shows smoothed daIa 

has been subtracted from the spectra, even though its effect is now rather small. The kinetic 
energies and calculated relative intensities for all the transitions of this region are presented 
in table 4. Also the bMIM23 ('P) peak seen only in figure 1 is included. 

The strongest structrves in the spectra are caused by the k.3M2.3M2.3 Auger transitions. 
The possible LS-terms are 'S. 'D and 3P. Calculations split the 3P levels into two peaks, 
since the energy difference between the two lowest components, 3P0 and 3P1 is only 0.6 
eV whereas 3P2 locates 3.2 eV higher than 'PI. The effect can be observed also in the 
experimental data where the higher peak of the LsM2.3Mz.3 structure has a clear shoulder on 
the low-kinetic-energy side. Theory gives interestingly most intensity to the 3P2 component 
(see table 4) in the L3M2.3M23 Auger group, but in the kM2.3M2.3 group it has only 6.3% of 
the total intensity, being the second weakest transition. Unfortunately this problem cannot 
be clarified from the measured spectrum. The statistics are too poor and the L3MjM4.5 
Auger structure can be seen to coincide with the LzM2.3M2.3 CP) peak. 

3.4. Linewidths of Auger transitiom 

The poor resolution of these spectra is not solely due to the spectrometer, but the Auger 
peaks are also broadened by the further decay of the final states. For instance, the final 
states 3p-' produced by the L2.3M2.3M2.3 Auger processes can decay, e.g., to 3p-'3dV2 
states. Because of the lack of isolated and intense Auger lines it is not possible to give 
accurate values for how much Auger peaks are broadened when final-state holes of the 
diagram Auger transitions locate in increasingly deeper shells. Therefore the numbers to be 
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l s b l e  3. 
m i t i o m  relative to the lop of the valence band. 

Calculated relative inlensilies and kinetic energies of the L2.3M2.3M4.5 Auger 

Auger process Term Experimental energy (eV) Calculated intensity (%) 

1024 i 2 
723 

27.7 

39.7 

8.4 
1043.3 i 0.3 

I k M l h . 5  ID 

L3M23M4.s IF 
3D 

'P 

1053.7 & 0.3 1 3D 

3P 

'D I 

29.7 

15.2 

2.6 
1058.4 i 0.5 

4.4 

47.6 

21.2 

zfl 

5.3 

- 0.6 
- 0.4 

3F 

1074.3 i 0.3 

1082.5 i 0.3 

1 L2M2.3&,5 'F 

'P 
3D 

3P 

ID 
3P 

Table 4. Calculated relative intensities and kinetic energies of Ule L2.3MIM2.3 and L2.3Mz.3Mz.3 
Auger transitions relative to the tap of lhe valence band. 

Auger process T.Zlll Experimental energy Calculated intensity (06) 

L ~ M I M z , ~  'P 890i2 eV 44.2 
3P 906A2 eV 55.8 

hMiMz.3  'P 921A2 eV 60.8 
3P 935i2 eV 39.2 

4.5 

35.6 

958.711.0 eV 21.3 
962.6i0.5 eV 38.6 

19.5 

46.6 

9 9 1 f 2 e V  33.9 

953.4il.OeV 1 
I 

L3M23M2.3 IS 

ID 

)PO.] 
)p2 

hM2.3M2.3 1s 
983.9i1.0 eV 

'D 
3P 

69.8 I 30.2 
992.5i1.0 eV 

L3MiM4.5 ID 

3D 

presented are far from quantitative. The final-state broadening can be estimated from the 
analytical expression 
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given in [22]. Here r, is the Gaussian contribution describing the intrumental broadening 
and rL is the Lorentzian contribution representing the arithmetic sum of the initial- and 
final-state widths. 

As already mentioned the L2.3&,5M4.5 ('G) peaks have total liewidths of 1.6-1.7 eV. 
The analyser is estimated to cause a Gaussian broadening of about 1.0 eV at a 300 eV 
pass energy. If the L2.3 core holes have an inherent broadening of the order of 1.0 eV [23] 
then the above formula gives the broadening of only 0.0-0.1 eV for the 3d-* states. This 
result means a long-lived state and points out that further Auger decay is improbable or 
even impossible. The almost pure L3M2,3&,5 (IF) peak in figure 4 has a total linewidth of 
about 4.5 eV. Using now a 1.6 eV Gaussian line for the instrumental broadening at 500 eV 
pass energy, the width of 2.9 eV can be calculated for the 3p-'3d-' final states. The fit of 
the L2.3M1M2.3 ('P) singlets yields widths of 5 4  eV. The choice of the mid-value 5.5 eV 
results in a lifetime broadening of 4.0 eV for the 3s-'3p-' configuration. 

These results can be compared with the widths of the singlehole states obtained from 
the photoelectron lines. Yin eta! have reported the widths of 2.0 f 0.2 eV and 2.1 f 0.2 eV 
for the 3s and 3p1/2,3p photolines in solid Ge, respectively [24]. The Ge 3d photoelectron 
lines have recently been extensively studied as it has become possible to distinguish the 
contributions arising from bulk and surface atoms [25,26]. The inherent broadening of 
the 3d is obviously about 0.3 eV. Thus in the case of the 3d-2 final states the lifetime 
broadening becomes smaller than in the corresponding single-hole state 3d-I. All the 
other hole combinations seem to lead to final states that have shorter lifetimes than the 
related single-M-hole states. The absence of final-state broadening certainly makes the Ge 
L3h14.5h14.5 Auger transitions good candidates in searching for bulk+urface shifts in Auger 
spectra. 

3.5. Conclusiom 

The L2.,-hased Auger transitions have been studied using synchrotron radiation. The 
experimental spectrum has been compared with a theoretical profile obtained from M W F  
calculations for Ge atoms. Theory bas been seen to reproduce the Auger spectrum 
surprisingly well. Of the several possible Auger processes, the k31vI4.5M4.5 transitions are 
most intense, but the L z , ~ M z , ~ M ~ , ~  and L Z ~ M Z , ~ M ~ . ~  Auger groups are also quite strong. 
The intensity ratio between the L3M4.5M4.5 and LZM4.5M4,5 Auger transitions has been 
found to be 2.05 f 0.1, in close accordance with the statistical weight between the L3 and 
L2 subshells and also with the MCDF calculations. The Auger structures were observed to 
grow gradually upto about 30 eV above the threshold, reflecting the behaviour of the L.3 
cross sections. Some previously unresolved Auger lines, notably those having one of the 
final-state holes in the 3s orbital, have been uncovered. The widths of the Auger peaks have 
been observed to broaden when the final hole states locate in the deeper shells, indicating 
the effects of the Auger cascades. 
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