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Secondary-electron yields and their dependence on the angle of incidence on stainless-steel
surfaces for three energetic ion beams
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Secondary-electron yields were investigated for 28-MeV protons, 126-MeV oxygen-ions, and 182-MeV
gold ions incident on 304 stainless-steel surfaces. The dependence on the incidence angle was studied in detail,
and a system was developed which allows accurate measurements to be performed over a wide angular range
extending to nearly grazing collisions. Electron yield estimates of interest for future accelerator applications are
developed for 1-GeV protons, and the possible mitigation of deleterious effects by using serrated rather than
flat surfaces is analyzed.

PACS numbd(s): 79.20.Rf, 34.90+q.

I. INTRODUCTION entrance into(or the exit from a solid surface come from
within the solid. The production of these electrons can be
There is considerable experimental information availabledescribed as a three-step procg2s First the incoming ion
for the yield of secondary electrons ejected following thetransfers energy to electrons in the solid at a rate given by
impact of a variety of ions on different solid surfaces and(dE/dX). the electronic stopping power, which for the ions
also at the exit surfaces for ions penetrating thin targets. Thef interest here is by far the largest part of the total stopping
field has been recently reviewed by several autfigrsq]. ~ POwer (see Table Il below Second, the electrons scatter
There are relatively few measurements for energies largend cascade, multiplying and diffusing through the solid.
than 1 MeV/amu and of these, most are performed at normalNeé electrons emltted from the ion entrance _surface are
incidence. Near grazing collisions are of particular impor-tnought to be mainly due to soft collisions leading to low-

tance for the practical applications described below. They ar&neray ellec:ronSS]. Fu:lally,.a' srrt1'all ffractlon of these low-
also of interest for the understanding of the underlying phe-energy electrons, mostly originating from an €scape zone or

: : . surface layer, which, e.g., for carbon is typicaty30 A
nomena, since the yu_aldéwmch pecome very largeare ._thick [8], manage to penetrate the surface potential barrier
known, at lower energies, to deviate markedly from predic

; based . ical theori “escaping into the vacuum. According to RES], the diffu-
1ons based on semiempirical theores. sion length of these low-energy electrons should mainly de-
The present experiments were motivated by the need t8enq on the target material and not so much on the projectile

evaluate(and eventually avoid or mitigatedeleterious ef-  5i5mic number or velocity. Since the escape zone is so thin,
fects of secondary electrons on ion accelerator performancgye electronic stopping power relevant for the escaping elec-
In particular,e-p instabilities could occur in the Spallation trons can be evaluated at the incident ion energy.
Neutron Sourc&SNS now in the design stage, if large num-  To the extent that the above picture is valid, one can
bers of electrons are generated through grazing collisions @&xpect[9,10] the thick target backward yielgls (i.e., mean
halo protons with the surfaces of the collimators, which arenumber of electrons emitted backwards per incidenj ton
an essential part of the SNS ring desid. Also, loading be
effects noticed at the Alternating Gradient Synchrotron
(AGS) Booster inflector when 1-MeV/amu gold beams are
injected are clearly due to secondary electrons. In fact, one of ve=AmBs
us (S. Y. Zhang recently performed measurements of this
effect[6] and arrived at preliminary yield estimates for graz-
ing collisions of 1-MeV/amu gold ions with a stainless-steelwhere A, is a constant for a given material, amdis the
surface. There are very few other measurements of electraangle of incidence with respect to a line perpendicular to the
yields for stainless stedSS in the literature, and only at surface.8s=1— 3 is the partition factor for “soft” colli-
much lower energiessee, e.g., Ref.7]). This material was sions which describes the fraction of the projectile energy
chosen for the present work because of its importance for thiost directly to low-energy electrons, amgl; is the fraction
accelerator applications and also because it allows one tost in close collisions leading to the more energdtielec-
largely avoid the issue of surface oxide layers drasticallytrons. TheseS electrons are mostly forward directed and are
influencing the results under realistic vacuum conditions. therefore thought to make a negligible contribution to the
For ion energies of interest hefe100 KeV/amy almost  backward yieldyg . Sternglas$11] had assumed an equipar-
all of the electrons emitted into the vacuum following the iontition between both types of collisions for fast projectiles,
i.e., Bs=Bs=0.5 which would lead to a Meckbach factor
[12] v /vg=2, whereyg is the forward yield. Experimental
* Author to whom correspondence should be addressed. Electronitalues of this ratio are usually smaller, e-g1.2 for protons
address: pt@bnl.gov of 0.02—-9.5 MeV on carbon targefts0].
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Equation(1), especially ford=0°, holds fairly well for
protons over a wide energy range extending, e.g., from 0.0z
to 7.5 MeV for carbon targetsl3] and from 15 to 68 MeV
for an AlLO5 target[14]. Deviations which are encountered
for heavier ions both in yield at normal incidence and in
angular dependence can be parametrized as foll@®]:

E
yB<0>:yB<0°)cosf(e>=cBAé=1(d—) cos (9),

dx

2

where, by definition,Cg=1 for protons, andA§~! is the
ratio y5~*(0°)/(dE/dx), for protons at normal incidence.
As mentioned above, for a given target material, this ratio
has been found to be fairly constant over several orders o
magnitude in energy/.\éz1 is therefore a parameter charac-
teristic of each material. The ratigg(0°)/(dE/dX), for
other ions is usually smaller than for protons and such “defi-
cits” are reflected in values o€g<1. Deviations from the
simple description summarized in Ed) will thus be quan-
tified as values of the parameteZg+# 1 andf+# 1.

Several possible causes have been mentioned in the litere
ture for values ofCg<<1, i.e., for less efficient energy con-
version into backscattered electrons for heavy ions as com-
pared to proton§2,10]. One explanation is based on the fact FIG. 1. (a) Schematic diagram of the experimental arrangement.
that, while traversing the thin escape zone, the ion usually ighe horizqntal scale is distc_)rted. The distance a between the slits
far from the equilibrium charge state, and therefore the efS1 andS2 is 2031 mm, the distandebetweer2 and the center of

fective value of E/dx). will in general be differen{usu- plateT is 622 mm, ar]d the length of the plates is 395 mm. See text
ally smallej than the bulk value. Such near-surface nonequi—and Table | for details(b) Perspective representation of the plate
ssembly. Platd is schematically shown as mounted on a large

U\?{;]uirgnzt%?gggéﬁ)?lgﬁ) rci?izzczt;] dhz\i/f?elgniag:];r?;nsf Efggrveogylindrical insulator, the axis of which is the axis of rotation. In
L o . reality this plate was mounted on a stage with insulating adjustment
Descnbm_g the deV|§tlon from the 1/(_:@(behaV|or by a screws for the purpose of alignment. Pléteshown at the bottom
fac.tor f#1in Eq.(2) is a purely emp|_r|cal approacf?] removed from the assembly, was supported by the four small insu-
which so far has proven to fit data fairly well for €0 |54ing posts shown protruding from plate

<80° (see, e.g., Refl16]). For angles close to 90°, obvi-

ously data mustand do deviate even from this behavior Tandem, are close to the maximum achievable energies for

[16]. In general, deviations from the 1l/c@j(law can be these iong and 182 MeV gold with 31 electrons removed.

expected for increasing angles if the mean vald&/@iX)e  This 182-MeV gold beam has the same energy and charge

changes as increasingly long segments of the track com&ate as the one utilized to inject the AGS Booster for the

close enough to the surface for electrons to escal®dx)e  Brookhaven relativistic heavy ion program and for the Rela-

may be changing significantly either by the gradual chargejyistic Heavy lon Collide{17].

equilibration mentioned above or as a consequence of energy The aim of the present work was to perform accurate

loss of the ion. electron yield and angular dependence measurements start-
Other possible reasong2] for deviations from the ing at normal incidence and approaching grazing incidence

cos () dependence have to do with the fact that the ionas closely as possible, and to determine to what extent the

trajectories will deviate from straight lines due to multiple yse of serrated surfaces could suppress the large yields char-

scattering. At grazing angles some fraction of the ions willacteristic of grazing collisions.

scatter from the target, but this effect is more significant at we describe the experimental arrangement in Sec. Il and

lower ion energies. There is also the possibility that, in thepresent the data and the result of least-square fits in Sec. Il.

cascade leading to the observed electrons, memory may npjscussion of the flat-plate data and comparisons with other

be totally lost of the initial angular correlations of scatteredresults are presented in Sec. IV, the serrated-plate results and

electrons with respect to the direction of the incoming ion. prospects for higher energies are analyzed in Sec. V, and
For the present experiments ions were selected witliome conclusions are reached in Sec. VI.

charge states close to their equilibrium value for solid strip-

pers. The interpretation of the data should thus be somewhat Il EXPERIMENTAL ARRANGEMENT

simplified by avoiding those of the above-mentioned compli-

cations which are related to rapidly changing charge states. Figure Xa) is a schemati¢not to scal¢ top view of the

The ions utilized were protons and fully stripped oxygen atexperimental arrangement. The ion beam comes in from the

28 and 126 MeV, respectivelgwhich, at the Brookhaven left through two sets of collimating slitS1 andS2 and a
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fixed cleanup apertur€. It either hits the 305-mm-long tar- TABLE |. Physical dimensions for the flat-plate measurements.
get plateT, or it continues through a 6.35-mm-high center

slot [see Fig. {b)] to be measured in the Faraday cup FC2.Distancea between slitsS1 andS2 2031 mm
An anode plateA parallel toT is mounted at 25.4 mm from Distanceb betweenS2 and the center of rotation 622 mm
T on insulating posts. This anode plate has three 9.5-mmlotal horizontal openings, of slit S1 1.0 mm
high slots to allow the beam to either go through the slot inTotal horizontal openings, of slit S2 0.88 mm

T or to hit the surface oT above or below this slot depend- Total lengthL of the plateT 305 mm
ing on the vertical position of the plate assembly. The anodéengthL’ of the open slot in plat& 279 mm

A is also provided with a boB designed to capture most Height of the slot in plater 6.35 mm
electrons that may escape through the sloté,imvhile still ~ Flatness tolerance for plate +0.025 mm
allowing the ion beam to get in for all anglés-55° through  Full horizontal beam size at center of plates 1.46 mm
slots in the front of the box, and for angles around 50°, 40°Horizontal angular beam spread +0.027° (£1.6)

20°, and 0° through the apertures in the side of the box as
schematically indicated in Fig.(d). These apertures, which
are normally provided with covers, are selectively uncoveredhe next section for the flat plate. For the less critical serrated
to obtain data at the desired angles. plate measurements, slit settings were utilized which were
The plate assembly is mounted on the center post of about twice as large as indicated in Table I. The correspond-
vacuum chamber by means of insulating adjustable aligning full horizontal beam size and the horizontal angular beam
ment screwgnot shown. The vertical position of this post spread for the serrated plate data are, respectively, 2.8 mm
can be remotely controlled as well as the anglehich is  and =0.05°.
measured by means of a digital rotary angle encoder. The One problem encountered when attempting precise elec-
position of the target plat€ is accurately adjusted so that the tron yield measurements closer and closer to grazing inci-
axis of rotation is in the plane of the target and the top of thedence angles is that, in spite of tight collimation and long
plate is level. plates, beyond a certain angle the beam spot size on the
The target plate shown in Fig(ld) has two inserts, one of target will exceed the target length. For the present case the
which is flat and the other serrated. The idea was to comparangle for which the beam spreads out over the entire length
the yields from both types of surfaces in a single measureef the plate isf#=89.73° as is easy to compute from the
ment. This was done, but the flat-plate data presented in thealues given in Table I. Unavoidable misalignments may ac-
next section was obtained with a similar but entirely flattually cause some of the beam to start missing the target
plate without inserts. The reason for this is that the alignmensurface at slightly smaller angles. Thus, to get closer to 90°
and flatness of the inserts were not good enough to allowne must devise a system that compensates for such losses or
accurate measurements for angks89.5°. Thus, for the that allows appropriate corrections to be made.
final data, the plate with the inserts was only used to obtain When the beam goes through the slot in the target dlate
yields from the serrated surface, for which the last few tenth§see Fig. 1a)] there should normally be no current measured
of a degree are of less interest. from this plate until, approaching angles close 90°, some of
A Faraday cup FC1 can be introduced between thehe beam will no longer go through. Portions of the beam are
cleanup aperture and the plate assembly. For most measutéen intercepted by both the 12.7-mm-wide tab connecting
ments the anode plate was positively biag2@D V), and the  the upper and lower portions of the plate at the left, and by
electron current superimposed with the beam current wathe 12.7-mm-wide vertical bar mounted in contact with the
measured with an electrometer which was also used to mealate surface and covering the end of the slot at the right. The
sure currents in the two Faraday cups. Only for the protorFaraday cup FC2 current is recorded as well as the plate
beams at angle8<70° was it necessary instead to bias thesignal. The plate signal is then subtracted from the signal
targetT negatively(—200 V), and measure the electron cur- obtained for the same angle when the plate assembly is
rent on the anod@. For those points the electron yield be- moved to the up or down positions where the target plate
comes much smaller than 1, and can no longer be accurateigtercepts the full beam. This difference is then a measure of
measured when added to the much larger beam current. the signal one would obtain solely from the fraction of the
The pressure in the chamber varied between about beam hitting a length of plate equal to the open length of the
x 10" and 5< 107 ° Torr during the measurements. Consis-slot. The Faraday cup FC2 current previously recorded cor-
tent results were obtained in spite of these variations indicatresponds precisely to that fraction of the beam, and therefore
ing that for clean stainless steel surfaces and for a clearthe yield can be determined. Under these circumstances the
cryo-pump-maintained vacuum the secondary electron yieldsseful part of the beam results from further collimation and

are not pressure sensitive in this range. therefore the effective angular beam spread will in general be
The physical dimensions most relevant for the flat-plateeven smaller than indicated in Table I.
measurements are defined and listed in Table I. The above-mentioned subtraction of plate signals is in

The last two quantities in Table | were computed usingfact carried out for all angles even though the subtracted
the above given slit openindgs; andhg, and the distances  signal becomes negligible for angl€s<89.5°. Small spuri-
andb [see Fig. 1a)]. The slits are adjustable and wider open-ous signals, such as those due to residual gas ionization or to
ings were used for a number of preliminary measurementslectrons originating from the slits, would thus be cancelled.
The values shown here correspond to the data presented in For the configuration shown in Fig(d i.e. positive bias
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applied to the anod@& and current measured from the target ~ 020 1.0
T, the measured yield at a given angleis calculated as ]

follows: 016 ‘\ 08

0.12 g lﬁ/

li—1
yB<e>=q(‘,—2“’—1), 3)

whereq is the charge staté, is the target current measured 0.08 |-

in the up or down position, ant}, the target current mea- —-Fe2 ‘

sured in the center position with a beam going through the ':ig,,:m‘

slot, this beam being measuredlasn the Faraday cup FC2. 0041 T
When the yield is much smaller than 1, the signal from

the electron current is swamped by the beam current and the  ¢.00 |

accuracy of the measurement then requires the target to b 89 89.2 89.4 89.6 89.8 90

biased negatively and the anode currents to be measured ir Angle (degree)

stead of the target currents. Calling the anode curigrasd

| .o for the up or down and for the center positions, respec- FIG. 2. Example of the plots of Faraday cup currents and their

tively, the yield for this configuration is then simply: ratio as a function of angles close to 90° utilized to determine the
zero for the angle encoder.

Cup currents (nA)
Ratio FC2/FC1

0.0

Ia_IaO

ve(0)=q——. (4)  18-20%, and 19% was adopted. For Ni, 10% was adopted

2 since the specified concentration is 8—12%. For Mn and Si

This configuration was only to be used with angtes70°  We adopted half the maximum values _of 2% and 1%, respec-
for the proton data presented in the next section. A carefdiVe!y- C, P, and S all have concentrations of less than 0.1%,

comparison of earlier data obtained for all anglatso for ~2nd they were neglected. These small uncertainties in the
oxygen and golgshowed a small but consistent difference of composition will have negligible impact on the interpretation
about 6% between results obtained with the two configura®f the data. _ _ _

tions consistent with 6% of the electrons from the target |N€ ion beams used for these experiments are listed in
being lost and not collected by the anode. Thus a 6% correcLable 11l together with some of the quantities characteristic

tion was applied to the five proton data points that had to b f their slowing down and their angular scattering in stain-
measured with the second configuration. The only other cor€SS Steel. _ _ o
rection was an~8% upward adjustment of the three 0° The stalnless-s_teel _electron ylelds_ as a function of inci-
yields required by unavoidable electron losses through th ence a_ngle obtained in these experlments for the three ion
apertures through which the beam enters for this afege eams listed above are tabulated in Table IV. The data were
Fig. 1). This electron loss was measured at 20° for each casgPt@ined as described in Sec. Il except that, for the flat plate,
by comparing results obtained by covering and uncoveringV€29€ yield valu_es from the up f’:lnc_i down_ positions
the 0° apertures. These losses for 0° and for 20° are expect&(i® used. These yields should in principle be identical. The
to be identical for all practical purposes. use of these averages reduces random errors due, e.g., to
For each configuration, signal as a function of bias wadeam fluctuations and, to first order, eliminates a possible
measured and in both cases saturation was observed beyor¥ptematic error due to small plate rotations coupled to the
50 or 60 V. The data shown in the next section were obtaine§f€rtical displacements.
with bias voltages of 200 V to ensure as nearly perfect col- L€ast-square fits were performed for the flat-plate data
lection as possible. betwee_n 0° and 8_9 to obtain estimates of th_e pa_rameters in
An optical telescope was used to align the slits and th& - (2) in Sec. I. Figure 3 shows double logarithmic plots of
plate assembly. This telescope was also used to zero tfie yields as functions of the cosine of the angles. Deviations
angle encoder with a precision of about 0.1°. To obtain 4ro™ the behavior described by E@) are seen as departures
more accurate adjustment the ratios of beam currents in FC°M straight lines. The fits are quite good for most of the
and FC1 were plotted, and the zero intercept of a straight lin@"9ular range, and the deviations are discussed in the next
drawn through these data determines the 90° angle with a N _
precision of about+0.02°. An example of such a plot is TABLE Il. Composition of 304 stainless stefel8].
shown in Fig. 2.

Composition of #304 SS

Element (% in weigh)

lll. EXPERIMENTAL RESULTS
, , , Fe 69.5+ 45
The target material studied with these measurements was 190 = 1.0
304 stainless steel. The density is 8.02 g/¢i8]. The com- Ni 100 = 2.0
position of this material can vary slightly around typical val- Mn 10 = 10
ues[18]. The values adopted for the interpretation of the data Si 0'5 N 0'5

are listed in Table Il. For Cr the specified concentration is
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TABLE lll. lon beams used and their interaction with stainless steel.

Proton Oxygen Gold

lon (*H) (*%0) (*97Au)
Energy(MeV) 28 126 182
Energy(MeV/amu 28 7.9 0.92
Charge state 1 8+ 31+
Electronic stopping poweS: (MeV cné/mg) 0.01342 2.093 53.81
Elastic stopping powerSy (MeV cnm?/mg) 5.8<10°© 0.00117 0.57
Linear energy transfeLET) (MeV cn?/mg) 0.01342 2.094 54.38
SN /LET (%) 0.043 0.056 1.05
Range(um) 1490 51.5 7.73
Mean-square scattering angfer 1 um (°/um) 0.22 0.54 0.98

&This is the calculated mean-square scattering afigeafter 1 um of material for the trajectory projected
onto a plane containing the incoming trajectory. For small scattering angles their mean-square values will
scale approximately as the square root of the thickness.

section. The parameters resulting from this fitting procedure Here the parametersg, as defined before, are the ratios
are listed in Table V. The tabulated uncertainties are theyg(0°)/Sg where Sgz are the electronic stopping powers
purely statistical standard deviations resulting from the leastlisted in Table IIl. The coefficient€ are the parametersg
square fitting procedure. normalized to 1.0 for protons. They are thus a measure of the

TABLE IV. Secondary electron yield&lectrons per ionmeasured for proton, oxygen, and gold beams
incident on flat and serrated stainless-steel plates for different angles of incidem@mal incidence
corresponds t@=0°.

) 28-MeV protons 126-MeV oxygen 182-MeV gold
(degree Flat Serrated Flat Serrated Flat Serrated
0.00 0.14 0.21 17 24 209 351
20.00 0.14 0.37 18 36 223 578
40.00 0.18 0.66 22 46 275 537
50.00 0.23 0.40 27 18 325 251
60.00 0.32 0.40 33 17 410 255
70.00 0.47 0.43 49 19 598 265
75.00 0.65 0.53 62 20 751 270
80.00 0.96 0.92 93 21 1110 283
82.00 1.23 1.02 117 23 1339 279
84.00 1.73 1.20 150 25 1758 274
85.00 2.18 1.23 174 25 2118 303
86.00 2.92 1.36 218 25 2645 306
86.50 3.52 1.40 247 27 2965 309
87.00 4.18 1.59 282 27 3497 297
87.50 5.24 1.68 341 30 4282 363
88.00 6.86 1.84 422 30 5386 330
88.50 8.93 1.91 591 32 7269 337
89.00 13.68 1.96 967 36 10638 356
89.30 19.54 2.02 1460 42 13457 396
89.50 26.34 2.10 2210 47 16862 393
89.60 32.41 2.17 2696 51 19114 392
89.70 42.16 3387 23130
89.80 62.12 4479 26558
89.85 79.71 5537 30755
89.90 99.59 6112 32414
89.92 102.43 6461 32757
89.94 113.13 30539
89.96 147.81 28046
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Figures 4, 5, and 6 show the data for the individual ion 185 8 a7 a8 80 %
species. In each case the flat-plate results are compared wit
the serrated-plate results. These plots are linear in the angle
of incidence. The lines joining the points for the serrated-
plate data are for guiding the eye, and the lines for the fla
plate are calculated with E@2) using the parameters listed
in Table V.

Angle of incidence (degree)

FIG. 4. Secondary-electron yields vs angle of incidence for 28-
eV protons striking a flat and a serrated stainless-steel suitace.
n expanded view of the last 5°.

Our oxygen and gold beam results are in line with the
well-known fact [2] that for heavier and heavier ions
secondary-electron yields per unit linear energy transfer
(LET) deviate increasingly from the proton values. In other
words, as can be seen from Table Vi Cg(O)>Cg(Au)

First we shall compare our proton results with the normalyhich means that the heavier ions are less efficient in con-
incidence yields obtained by others for various materialsyerting into secondary electrons some of the energy depos-
Table VI lists Ag values together with the corresponding jted in the surface layer. More detailed comparisons with
beam energies or energy ranges. Far from a comprehensiggher results are difficult since data are still rather sparse, in
review this is only a comparison of some of the more rel-particular for the higher beam energies, and the parameter
evant data. space is very large considering the possible combinations of

One sees, as mentioned before, that the valuéssdfave  jon species, beam energies, and target materials.
proven to be fairly constant for each material in experiments Of the several possible explanations for the electron
covering wide energy ranges. There apparently are no protorgeficit” for heavier ions, one of the most frequently men-
data beyond 67 MeV. However, if one assumes thawill  tioned is based on the very thin escape zone and on the fact
remain approximately constant up to 1 GeV then, using outhat charge state equilibrium cannot be reached within that
results, one can estimate the electron yield for SS at thatyer. This preequilibrium near-surface stopping power con-
energy. The value of the electronic stopping powdE(dX).  cept[9] cannot explain our heavy ion results, in particular
is calculated19] to be 1.6%x 10 3MeV cn?/mg. Then as- not the ones for gold. In this case the incoming charge state
suming that the value ofAg remains constant at 10.1 of 31+ is much higher than the “effective” charge state
mg/(MeV cn?), we get an estimate of 0.016 electrons per~19+ deduced from the bulk stopping power data. So, if
1-GeV proton for the yield at normal incidence on a 304stopping power and consequently electron emission scale as
stainless-steel surface. the square of the charge, one should naively expect an en-

IV. DISCUSSION OF THE FLAT-PLATE DATA
AND COMPARISON WITH OTHER RESULTS

TABLE V. parameters resulting from least-square fitting of the da¢e texk

Ag
lon beam v8(0°) f (mg/MeV cn?) Cs
28-MeV protons 0.1350.003 1.152+ 0.008 10.06 1.0
126-MeV oxygen 16.960.30 0.969+ 0.008 8.10 0.805
182-MeV gold 208.#2.5 0.962 = 0.005 3.87 0.385
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FIG. 5. Secondary-electron yields vs angle of incidence for 126-
MeV 8+ oxygen ions striking a flat and a serrated stainless-steel
surface.(b) An expanded view of the last 5°. FIG. 6. Secondary-electron yields vs angle of incidence for 182-

MeV 31+ gold ions striking a flat and a serrated stainless-steel
hancement of~2.7 rather than the observed defic€g  surface.(b) An expanded view of the last 5°.
=0.38, Table V. Clearly, at least for this ion-target combi-

hation, pther factors must be responsm!e f_or the deficit. We must first calculate the length of that part of the tra-
We finally turn to the results for the incidence angle de-.

. . ] ectory which is within the surface layer from which elec-
pendence of the yield, the study of which was the main thru rons may escape. The thickness of this layer was estimated
of the present work. Very few relevant references were foun y P A y L
and the one covering the widest angular rapg@] shows 0 be roughly 30 fqr a carbon targ@]._ Since it is t_he
results ranging from 0° to only 85° obtained with various electrqns in the matena! that are responsible for stoppmg the
40-keV ions on a copper target. Another experimEga], escaping electrons, it is reasonaple to rgduce this escape
using 100-MeV Si ions on various metallic targets and ond®pth from carbon to SS by the ratio of their electron densi-
silicon, was limited to an angular range from 10° to 70°.  ties. This ratio is roughly equal to 0.3, which Iead; to an

As seen most clearly from fig. 3, we find excellent agree-€scape depth for SS of about 9 A. The corresponding path
ment with the angular dependence described by(Bgpver  length within the escape zone is thus 9 A/cos(89816 A
an angular range 892 6>0° which, compared to previous =~0.05um. This path length is so small compared to even
experimentd 16,23, extends to angles much closer to 90°. the smallest ion rang&.7 um for the gold beam, see Table
To see if the deviations observed for angles starting®@°  Ill) that changes in LET during ion penetration cannot ac-
could be due to the multiple scattering or energy loss mechasount for the observed effect. The calculated multiple scat-
nisms mentioned in Sec. I, we will first try to estimate thesetering angles for lum (see Table 1l are also so small that
effects atd=89°: angular changes of individual trajectories are unlikely to ac-

TABLE VI. Comparison of some of the electron yield data for normal incidence of energetic protons on
various materials.

Energy Ag=vyg/(dE/dX),

Target material (MeV) mg/(MeV cnr) References
C 0.02-7.5 5.0 Ref.13]
Al,Oq 15-67 9.4-0.6 Calculated from data in Rgf14]
Au 5-18 22+3 Calculated from data in Reff20]
Al 4-12 3.6 Calculated from data in Ref21]
Cu 7.3 and[22]
Ag 13.1
Au 18.9
304 stainless steel 28 16:D.3 Present work
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TABLE VII. Calculated mean-square projected scattering TABLE VIII. Comparison of near grazing incidence secondary-
angles[19] of the three ions used in the experiment after penetratelectron yields for the flat and serrated plates with 45° incidence

ing half of the electron escape depth at 89.9° incidence. yields on the flat plate.
lon beam Scattering angle Flat-plate  Serrated-plate Flat-plate
lon beam yield at 89.6° vyield at 89.6° vyield at 45°
28-MeV protons 0.047°
126-MeV oxygen 0.086° 28-MeV protons 32.4 2.17 0.21
182-MeV gold 0.556° 126-MeV oxygen 2696 50.6 24.7
182-MeV gold 19114 392 300

count for an appreciable part of this effect in the vicinity of

89°. MeV) experimental data were available and total electron
We turn now to the maximum in the yield curve which we yields are not always addressed. Hopefully our results will

observed for the gold data around 89[&ee Fig. @)].  stimulate calculations for higher energies, which may then

Svensson, Holne and Bure [16] using 40-keV protons, serve to obtain better extrapolations to, e.g., 1 GeV protons.
had observed maxima in their yield vs angle curves at angles

between 78° and 82° for the various target materials. They

suggest that these maxima could be correlated with the V. DISCUSSION OF THE SERRATED-PLATE DATA

angles at which sputter yield maxima occur. Repeating the AND PROSPECTS FOR HIGHER ENERGIES
calculation of these maximum sputter yield angles for the

ions used in the present experiments we should expect maxi- The idea of reducing grazing incidence secondary elec-
mum secondary-electron yields at 88.5° for the gold beam, dton yields by replacing flat electrodes by serrated surfaces is
88.9° for the oxygen beam, and at 89.0° for the protons. It idased on the following facts.
clear from Table IV and Figs. 4—6 that in our data the only (&) For the accelerator applications of interest, most of the
maximum observed is at89.9 for the gold beam, and that ions causing the secondary electrdes., halo particles far
there are no maxima at least up to 89.92° for oxygen androm being istropically distributed in space, are instead
89.96° for protons. Either the suggested correlation, for somhighly collimated within a small solid angle centered on the
reason, stops working at the higher energies, or the effeahain beam direction.
observed by Svensson, Holmeand Bura was due to other (b) Most of the surface area defining the individual teeth
physical or instrumental effects. of such a serrated plate is inclined with respect to the incom-
We will now see if the maximum we observed at 89.9° foring ion trajectories by large anglds-45° for our experi-
the gold beam could be due to multiple scattering. For anenj.
particle incident at 89.9° the path length within the-A- (c) The backward secondary electron yield at the impact
deep surface layer which corresponds to the electron escapeint with such an inclined surface is much smaller than at
zone is 9 A/cos(89.9%0.52,um if multiple scattering can  grazing incidence with a flat plate. But of course electrons
be neglected. If multiple scattering is not negligible, thenwill also be generated at the exit points for ions penetrating
some of the ions will be driven faster into the bulk of the the teeth and at subsequent impact points, etc.
material, some will be driven out and “reflected,” and avery  To see to what extent our data confirm such yield reduc-
small number may stay longer within the escape zone. Théons we compare in Table VIII grazing incidence on both
overall effect will be a reduction of the electron yield. To types of surfaces with 45° flat-plate results. For grazing in-
evaluate the possible effects of multiple scattering on thesidence we selected 89.6° from Table IV, which is the larg-
electron yields around 89.9° we calculate for each of the iorest angle for which we have useful serrated-plate data. The
beams the mean-square scattering angle after the first halb® yields shown in Table VIII were obtained by linear in-
of the escape zone is penetrated, i.e., after Qu&6 (see terpolation between the 40° and 50° values in Table IV.
Table VII). We see that, at 89.6°, the serrated-plate yields are indeed
Without attempting a detailed quantitative argument wemuch smaller than the flat-plate yields, but not as sres
see that only for the gold beam is the multiple scattering veryecially for protong than the flat-plate yields at 45°. It is
significant at this angle. For oxygen the ions must traveleasy (neglecting multiple scatteringo calculate from the
through half the escape zone before the mean-square angknges listed in Table Ill, and from the geometry indicated in
becomes comparable to 989 and therefore the effect will Fig. 7(a) with s=2 h=12.7 mm, that 28-MeV protons inci-
be small, and it will be even smaller for protons. We there-dent at an angl@#=89.6° will traverse three or four teeth
fore conclude that multiple scattering may be a plausiblébefore stopping. This would correspond to seven or nine tra-
explanation for having observed a maximum only for theversals of solid-vacuum boundaries. Considering that exit
gold beam, even though we, of course, realize that thesgields are generally somewhat larger than entrance yields
arguments get more complicated if surface topography i$Meckbach factors of-1.3 are common and the fact that
considered. LET values increase as the protons slow down, it is not sur-
It should finally be mentioned that a number of recentprising to find the serrated-plate yietd10 times larger than
publications(see, e.g., Refd24], [25]) present predictions the flat-plate yield at 45°. In fact, an even larger yield would
and results for grazing collisions but only low-energyl  be expected if it were not for multiple scattering causing
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~2h 6
ST tana) ©
Calling N the number of teeth traversed, we get
d tana)tan 6)
==, (7)

s 2

which for largeN is also approximately equal to the number
of incoming and the number of outgoing surface traversals of
the particle before it gets buried in the bulk of the electrode.
Calling yg and y1¢ the total backward and forwarfthcom-

ing and outgoingelectron yields for thél transitions, we get
with the above-mentioned assumptions:

FIG. 7. Schematic cross sections of serrated-plate surfaces used =N Yo (®)
as examples for yield estimatésee text (a) s=2h=12.7 mm cor- Y8 cog0—a)’
responds to the serrated plate used in the present experiments.

. . . Mo
considerable deflection after a few 1@0n of penetration YTF:_NMy 9
(see Table Ill. No attempt was made at performing a Monte

Carlo-type calculation to take this effect into account. F"whereyo is the normal incidence backward yield, akidis

nally, it should be mentioned that the surface polish of the[he Meckbach factor. i.e. the enhancement of forward vs
serrations is not quite as good as for the flat plate, and thig_ ..o 4 yield T

fact will also affect the comparison. _
Similar considerations applied to the oxygen and gold From Egs. (7). (8) and (9) we get the totalyr=yrs

beams show that at 89.6° only a fraction of these ions ’TF'

(~29% for oxygen and~5% for gold will manage to

traverse a single tootfthree interface traversalsvhile the = tarn(@)tan(9) ! - M . (10
: . Y1=7%0 2 0— 0+

rest are stopped after penetrating the first surface. Also, the cogf—a) cogb+a)

geometry that would need to be considered is no longer as o _
simple as indicated in Fig.(#) because now the ranges are For angles close to grazing incidence, i#->90° we get
comparable to the radius of curvature characteristic of the

upper edges of the serration teeth. Thus, gradgh yield) tana) 1+M
collisions close to these edges become more significant. In YT VOW sin(a)’
view of these considerations, and without attempting detailed

estimates, it seems that the values shown in Table VIII are 1+M

also very reasonable for the oxygen and gold beams.
Finally we will attempt to provide estimates of serrated

surface electron yields for the case of 1-GeV protons, to see ) )

if this is a promising approach for the SNS collimator designComparing to the yieldy;, from a flat plate at the same

[26]. From what we have learned, it should indeed be easidfcident angle we get

to perform valid calculations at this energy since multiple

scattering and energy loss will be less important, and can at yr_ 1+M

first be neglected. For simplicity we will also assume a Wat_ 2cosa)’

1/cos@) angular yield dependence, which for the present

purpose is close enough to behavior observed at lower eneginceM >1 (typically 1.3 or 1.5 and cos¢)<1 we see that

gies(see Table V. this ratio is always larger than 1 and therefore we would get
We performed calculations for the three serration-teetimore secondary electrons from the serrated plate. Note that

geometries illustrated in Figs(a), 7(b), and 7c) to evaluate this result is independent of the absolute yield for normal

possible effects of different shapes on secondary emissiofcidence and depends only on the 1/@s{ssumption for

performance. Considering first the case illustrated in Figthe angular dependence and on the approximations of negli-

7(8), and calling= a the inclination of the serration surfaces, gible change in dE/dx), and negligible scattering while

s the distance between teeththe depth of the teeth, arl  penetrating the serration depth.

the Iongitudinal distance for a particle Coming in at an inci- The same approach was followed for the geometry shown

Y1703 coga)cod 6) (1D

(12

dent angled to penetrate through a deplih we can write in Fig. 7(b) where the entrance face of the serration teeth is
perpendicular to the overall electrode surface. In this case we
d=htan(6), 5 get
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yr M 89.9 89 80 0
—=tana)+ . (13 g 100 bt —————H
Vilat cog @) < 6 (units of deg )
55 0f=
)]
We see that for small values afthe limit of this expression E o T
is M, which is larger than 1. Again, there is no advantage in |§ % 1 N .
using a serrated plate. By inverting the tefike Fig. 7c)] 2 o —_——— %
we get ; E 0.1 _h} - - Serratedpplate
‘6 Flat plate \
2 1
3 001 .
0% 1
T M tan(a)+ _ (14) 0.001 0.01 0.1 1
Vilat coga) cos(0)

FIG. 8. Estimated electron yields for 1-GeV protons incident on

This is better, since now the same yield as obtained from @mooth (solid lineg and serrateddotted lines SS surfaces. The
flat plate can be approached for small angtetn a practical  curved line represents the present data scaled from 28 MeV to 1
application the smallest allowable is determined by the GeV by the ratio of the respective stopping powers. The straight
angular distribution of the incident particles since an abunsolid line shows a cog(6) angular dependence. The dotted lines
dance of grazing collision on the inclined teeth surfacesorrespond to a serrated plate such as depicted in Faywith a
would defeat the purpose of a serrated surface. For, @.g., tooth heighth=5 mm anda=10° (see text The upper and lower
=10° andM =1.5 we getyr/ yq=1.28. The serrated-plate dotted lines were obtained assuming €09 6) and cos*(6) an-
performance is still slightly worse when compared to the flagular dependencies, respectively. The left termination of these dot-
plate as also indicated by the dotted lines in Fig. 8. ted lines indicates the incidence angle at which the calculdted

What will change this situation is multiple scattering. The Mean-square multiple scattering angle will be equal to-90after
increasing amount of serrated-plate teeth material traverse!ly half the involved teeth have been penetrated. The actual yield
as 90° incidence angles are approached is orders of magrﬂt this angle w_|II already be reducz_ad compare_d to what |s_sh_ovyn,
tude larger than the thin escape zone material traversed in tf@@d beyond this angle strong multiple scattering effects will limit
flat plate for the same angles. So multiple scattering will2"Y further yield increase.
interrupt the yield increase for the serrated plate much sooner
than for the flat plate. To estimate at what incidence angle
this will happen we select as example serrations such as the
ones depicted in Fig.(@ with h=5 mm anda=10°, and VI. CONCLUSIONS
we calculate the mean-square scattering angle after a d'.s' Angular accuracy unprecedented for this type of measure-
tanced/2, when half the teeth have been penetrated. For th'%ents as well as a much longer target and an effective
exampleTriM calculationd 19] for 1-GeV protons in 304 SS ' 9 get,

indicate that this scattering angle becomes equal to the angﬁ%fte”:j folr ctompenslztlng for lost b(;,\arp aF grgzmg anglles,
90°— ¢ between the surface and the incoming trajectory? OWe€d €IECIION Yi€ld measurements tor incidence angles

when 6=89.3°. Thus, beyond-89.3° we can expect that the mugh closer to 90° than hitherto possible. Near 1/6))[9(9_— _
straight line increase indicated by the dotted lines in Fig. g'avior was observed between 0° and 89° and the deviations
will not continue. For this anglel/2~20 cm and the equiva- from this behavior were accurately determined as well as the

lent thickness of SS traversed at @ point is~5 cm with normal incidence yields. For 28-MeV protons the electron
an energy loss of 65 MeV. The range of 1-GeV protons inield is closely approximated by 0.135/c@g(** for 0°
stainless steel is-57 cm. Preliminary results from Monte <6<89.5°.
Carlo-type calculationf27] tend to confirm these estimates. ~ Rather large grazing incidence yields of up-83 000

We conclude that replacing smooth by serrated electrodeglectrons per ion were measured for the 1-MeV/amu gold
can be effective in reducing the secondary-electron emissiofbeam, as expected from previous observations at accelerator
In the case of our application of collimators for 1-GeV pro- related systemfG]. These data are thus directly relevant for
tons, the tradeoff will be a slight increase in the penumbra opractical applications. Together with the proton and oxygen
partially degraded protons. The design of the surface and theata they should also be useful in extending and verifying
degree of the achievable electron reduction will depend omxisting or new theoretical descriptions, thus enhancing the
the angular distribution of the incident protons. For exampleunderstanding of the underlying phenomena and allowing
if the protons are restricted to anl® angular range between more reliable predictions and extrapolations which are im-
89° and 90° then the 5-mm serrations described above shoufgbrtant for future accelerator applications.
be quite effective. For wider incident distributions or for  Based on the present proton data, a preliminary estimate
even better electron suppression deeper serrations may kbeas obtained of 0.016 electrons per 1-GeV proton for the
required. Compared to similar electron reduction schemegield at normal incidence on stainless steel. This result is of
[28], where the multiple scattering and collimating functionsinterest for the collimators being designed for the SNS facil-
are separated, the present solution is probably more effectiviey. Using appropriately designed serrated surfaces in these
and it does encroach less on the useful collimator aperturecollimators may solve the problem if the1l/cos@) angular
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dependence leads to excessive electron production for grameed to be machined or ground and polished to even higher
ing collisions of halo particles. accuracy.

The present experiments can of course be extended to
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