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(52) U.S. Cl. .............................................................. 711/134 

(57) ABSTRACT 

A method determines ion beam emittance, i.e., the beam 
current density based on position and angle, in a charged 
particle transport System. The emittance is determined from 
variations in the current measured in a slot Faraday or 
Sample cup as a Straight-edged mechanism traverses the 
beam upstream of the Sample cup in a direction perpendicu 
lar to the orientation of the slot Faraday and the Straight 
edged mechanism, which also can be the direction in which 
the emittance is determined. An expression in terms of the 
beam current density can be determined for the derivative of 
the Sample current with respect to position of the mecha 
nism. Depending on the angular spread of the beam reaching 
the Sample cup, the density can be determined directly from 
the derivative, or can be determined using a least Squares 
analysis of the derivative over a range of mechanism posi 
tions. 
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Fig. 1 
t Mechanism Cross-Section at Three Mechanism Positions 
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METHOD FOR MEASUREMENT OF BEAM 
EMITTANCE IN A CHARGED PARTICLE 

TRANSPORT SYSTEM 

RELATED APPLICATIONS 

0001. Not Applicable 

FIELD 

0002 The methods and systems relate to charged particle 
transport and more specifically to measuring beam emittance 
in a charged particle transport System. 

BACKGROUND 

0.003 Ion implantation is a standard technique generally 
used for modifying Surface properties of materials. In the 
Semiconductor industry, ion implantation techniques are 
used for introducing conductivity-altering dopant materials 
into Semiconductor wafers. In a conventional ion implanta 
tion System, a desired dopant material is ionized in an ion 
Source, the ions are accelerated to form an ion beam of 
prescribed energy, and the ion beam is directed at the Surface 
of the wafer. The energetic ions in the beam penetrate into 
the bulk of the semiconductor material and are embedded 
into the crystalline lattice of the Semiconductor material. 
0004. The angle at which the ions forming the beam 
strike the wafer can determine the extent to which the ions 
penetrate the wafer. For Some applications, it may be nec 
essary to control ion penetration down to the nanometer 
Scale. It can be readily appreciated that even slight devia 
tions in the ion beam axis, or divergence or convergence in 
the beam itself can result in undesirable results. 

0005 Presently, measurements of the divergence or con 
Vergence, i.e., angular spread, in the beam at the wafer may 
not be able to be obtained for Some implantation equipment. 
Thus, confirmation of ion implantation within desired Speci 
fications or equipment performance monitoring might not be 
possible. Further, there may be no way to measure directly 
the mean direction of the beam with respect to the beamline 
axis, which can determine the actual implant angle on the 
wafer. Tilt axis Settings available on Some equipment, if 
calibrated properly, may establish these angles with respect 
to the beamline axis only. However, any deviation of the 
beam from this direction constitutes an error in the implant 
angle. 

SUMMARY 

0006. A method for determining beam emittance at a 
plane in a charged particle transport System, comprises 
measuring the beam current reaching a current Sensor as a 
moving, Straight-edged mechanism traverses the beam in a 
plane upstream of the Sensor; numerically determining a 
derivative of the measured beam current with respect to the 
position of the mechanism, determining if there is a position 
of the mechanism at which the range of angles in the portion 
of the beam reaching the current Sensor falls within the angle 
Subtended at the current Sensor by the two edges of the 
mechanism; determining, based on the derivative, a beam 
current density p corresponding to the beam emittance, 
when there is a position of the mechanism at which the range 
of angles in the portion of the beam reaching the current 
Sensor falls within the angle Subtended at the current Sensor 
by the two edges of the mechanism; and determining, when 
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there is no position of the mechanism at which the range of 
angles in the portion of the beam reaching the current Sensor 
falls within the angle Subtended at the current Sensor, the 
beam current density by performing curve fitting techniques 
on the derivative of the beam current profile over a range of 
positions for which the mechanism intercepts beam current 
that would otherwise reach and be counted by the current 
SCSO. 

0007. In one embodiment, the derivative is given by 

di 
= Plu? * de left - pright 3 d6ight, 

edge edge edge edge 

0008 where 

de left and d6ight 
edge edge 

0009 are the angles Subtended by the downstream cur 
rent Sensor to the left and right edges of the mechanism, 
respectively, and 

p left and Pight 
edge edge 

0010 are the current densities in the beam passing left 
and right edges, respectively, of the mechanism, as it moves 
to the right through the beam. I is the current measured by 
the downstream Sensor, and X is the position of the mecha 
nism in the direction of its travel. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0011. The following figures depict certain illustrative 
embodiments in which like reference numerals refer to like 
elements. These depicted embodiments are to be understood 
as illustrative and not as limiting in any way. 
0012 FIG. 1 shows a schematic representation of an ion 
implantation device having a mechanism that can be moved 
within the ion beam; 
0013 FIGS. 2a and 2b are sample current profiles for an 
ion implantation device; and 
0014 FIG. 3 is a flow chart of a method to obtain the 
beam current density (emittance). 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

0015 Ion implantation equipment currently in use typi 
cally may be capable of providing measurements of beam 
current at one or more positions along the beam path. In 
Some instances, these current measuring components, i.e., 
current Sensors or Faradays, may be designed to measure the 
entire beam current, and in other instances a Small Faraday 
or Sample cup with a narrow Slot for an aperture may be used 
to Sample the beam at one particular coordinate with respect 
to the beamline axis. It can be understood that current 
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Sensors having a variety of shapes and Sensing means may 
be used. The description herein with reference to a Faraday, 
or Sample cup, may provide a known example of a current 
Sensor, but the method and System may not be limited 
thereto. 

0016. When the beam upstream of such a sample cup is 
traversed by an aperture or obstacle moving perpendicular to 
the long dimension of the Sample cup, ion beam emittance, 
i.e., the beam current density as a function of position and 
direction, may be determined from variations in the current 
measured at the Sample cup as the aperture or obstacle 
traverses the beam, for positions of the leading and/or 
trailing edges of the aperture or obstacle intercepting the 
beam and directions (angles with respect to the beamline 
axis) along a line in the position-angle emittance plane. 

0.017. If the beam is directed primarily along its axis in 
the Z direction, with the aperture or obstacle moving acroSS 
the beam in the X direction, and the Sample cup slot long 
dimension oriented in the y direction, the current density as 
a function of position (X,Z) of the leading and trailing edges 
of the aperture or obstacle and direction (0) from the leading 
and trailing edges to the Sample cup may be determined. The 
angle 0 is the angle between an element of beam and the 
Z-axis in the X-Z plane. At different X positions in its travel, 
different corners of the aperture or obstacle, at different Z. 
coordinates, may define the leading and trailing edges inter 
cepting the beam. Beam current density data for these 
different Z coordinates may be transformed to a common X-y 
plane (common Z-coordinate), where the data points will fall 
on a nearly Straight line in the position-angle (X-0) emittance 
plane. 

0.018 Multiple sample cups at different X coordinates 
may be used to determine beam current densities along 
roughly parallel lines in the (X-0) emittance plane, from 
which a 2-dimensional (X-0) map of beam current density, 
Sometimes called an emittance plot, may be generated. The 
density of data points in this map will depend on the number 
and Spacing of the Sample cups used and on the incremental 
change in aperture or obstacle position between current 
measurements as the aperture or obstacle traverses the beam. 
In an embodiment of a method described herein, one 
dimensional emittance can be determined for devices using 
a slot Faraday or Sample cup and a moving Straight-edged 
obstacle, both oriented perpendicular to the direction of 
travel of the obstacle, which also is the coordinate direction 
for which the emittance is determined. 

0019 FIG. 1 shows a process chamber 10 of an implant 
ing device, with a movable Straight-edged mechanism 12, 
shown in cross-section at three positions along a line parallel 
to the back plane 16 of the process chamber 10. It can be 
understood that the expressions derived herein may be 
applicable to configurations other than that shown in FIG. 1. 
Mechanism 12 can be moved in the path of ion beam 14, and 
in doing So act as an obstacle, blocking Some of the beam 
current that would otherwise reach back plane 16. Current 
collected by one or more Sample cups 18 at back plane 16 
may change as a result of the movement of the mechanism, 
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as the mechanism intercepts current that would otherwise 
reach the sample cups 18. It can be understood that the 
method and expressions derived generally can be applicable 
to implanting devices and other charged particle transport 
Systems where current measurements are obtainable using a 
Slot Faraday or Sample cup and either a moving Straight 
edged aperture or a moving Straight-edged obstacle. 

0020. At a position (xy,z) in the beam 14 there will be a 
range of divergences 0, (p, with respect to the Z axis, and a 
4-dimensional “phase Space’ current density, which can be 
based on position (x,y) and direction (0, (p), and which 
represents how the beam current is distributed in directions 
0 and (p at the position (x,y,z). The divergence 0 is the angle 
in the X-Z plane with respect to the Z-axis, and p is the angle 
in the y-Z plane with respect to the Z-axis. The beam line axis 
is along the Z direction. 

0021. The beam current density in 2-dimensional x,y 
Space can be obtained from the 4-dimensional phase Space 
density by integrating the phase Space density over the two 
divergence dimensions 0 and (p. Similarly, a 2-dimensional 
phase Space current density can be obtained by integrating 
over position and divergence in one coordinate to get the 
density as a function of the other position and divergence 
(integrate over X and 0 to get density as a function of y and 
(p, or integrate overy and (p to get density as a function of X 
and 0). The method described herein can be used to deter 
mine Such a 2-dimensional (one position coordinate and one 
divergence coordinate) phase space current density, for 
position and angle coordinates in the direction of motion of 
the moving mechanism 12. 

0022. The integration over the other “unwanted” position 
and divergence coordinates is accomplished by the use of a 
Slot faraday or Sample cup 18, which must be long enough 
in the unwanted dimension to collect current over the fall 
range of position and divergence in that dimension and a 
mechanism 12 with Straight edges parallel to the unwanted 
dimension and long enough to block current over the full 
range of position and divergence in that dimension. The 
current passing through an element of width dx at (X,Z) and 
reaching an element of width dw in a plane downstream of 
Z, where the line from (X,Z) to dw makes an angle 0 in the 
X-Z plane with the Z axis, is the two-dimensional phase Space 
density p(x, 0) multiplied by the product of dx and the angle 
d6 subtended at (x,) by the downstream element dw. 

0023. As noted, mechanism 12 can block part of the beam 
14, reducing the amount of current that would otherwise be 
collected by a sample cup 18 located on back plane 16. 
Referring again to FIG. 1, at a position of mechanism 12, 
there is a range of angles over which a part of the beam 14, 
which otherwise would reach a sample cup 18, will be 
intercepted by the mechanism 12 and prevented from reach 
ing the Sample cup 18. The limits of this range of angles are 
indicated in FIG. 1 by the solid lines 22 and the dashed lines 
24 from the two sample cups 18 shown to the limiting 
corners of the mechanism 12 at each position. (For the sake 
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of clarity, reference numbers may be shown only in relation 
to the central position of mechanism 12 in FIG.1.) The solid 
lines 22 represent the limiting angle to the right edge 12a of 
the mechanism 12, and the dashed lines 24 represent the 
limiting angle to the left edge 12b. At a Sample cup 18 
position on the back plane 16, the mechanism 12 can block 
beam 14 within the range of angles between lines 22 and 24 
that would otherwise reach that position on the back plane 
16. Beam 14 coming to that position from other angles, i.e. 
from the left of the line 24 and from the right of the line 22 
crossing that position on the back plane 16, will not be 
intercepted by the mechanism 12. 

0024. At a position on the back plane 16 and for a given 
mechanism 12 position, each of the two limiting angles can 
be determined by one particular corner of the mechanism 12 
cross-section, at position(X,Z). It can be seen from 
FIG. 1 that the limiting angles are defined by different 
corners of the mechanism, with different coordinates (X 
ner, Z 

cort 

) at different mechanism 12 positions. The limiting 
angle, 0, is the inverse tangent of the ratio of the horizontal 
distance from the mechanism 12 corner, X, to the point 
X in the back plane 16, or Sample cup plane 16, divided by 
the distance along the beam line from the Sample cup plane 
16 to the mechanism 12 corner, Z coile' 

(5) 
d = dileft - diright = to-e left (Vief, left, left)delefi - pright (vright (right, sele} edge edge 

8 = tan (' tone) (2) corner 

0.025 In the limit of small angles, for which tan 0s0, and 
over a range of positions X for which a given mechanism 12 
edge determines the limiting angle, the angle 0 becomes a 
linear function of X, with a slope equal to 1/z. As the 
position X at Sample cup plane 16 changes, this corner of the 
mechanism 12 may continue to define the limiting angle 
until the line 22 or 24 from X (at the sample cup plane 16) 
to that corner intersects another corner, after which this other 
corner will define the limiting angle. With the definition 
given in (2), angles are positive for ions moving to the right 
(positive X-direction, XZX as they move down the 
beamline. 

corne) 

0026 AS the mechanism 12 moves a distance dx, 
to the right in FIG. 1, the corner of the mechanism 12 that 
defines the right edge of the mechanism 12 (as seen from the 
Sample cup 18) moves from (Xiah, Zieh) to (Xisht-i-dx.echa 
nism, Z.) and intercepts the current that would otherwise 
pass through this dx at (Xiah, Ziah) and reach the 
Sample cup 18. This causes the current measured at the 
Sample cup 18 to decrease by an amount dI where 

mechanism 

right 
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diright = pright (vright, (right, 3right)dvmechanism deright and (3) 
edge 

(0027) d6, is the angle subtended by the sample cup 18 
at the position (X,th, Zieh). At the same time, the corner of 
the mechanism 12 that defines the left edge of the mecha 
nism 12 (as seen from the sample cup) moves from (x, 
Zen) to (xler-dx,-hanis, Zen) and allows the current in this 
dxeehanism at (Xief, Zief) that formerly was prevented from 
reaching the Sample cup by the presence of the mechanism 
12 to reach the Sample cup. This causes the current measured 
at the Sample cup to increase by an amount dI, where 

dilefi = p left (Vief (left 3ief)dismechanism deleft. (4) 
edge 

0028. The net change in current reaching the sample cup 
as a result of the mechanism 12 motion through distance 
dx is the amountdI added on the left edge, minus the mechanism 

amount dI. Subtracted at the right edge: right 

0029. The derivative of sample cup 18 current with 
respect to position of the mechanism is given by 

di (6) 
d\mechanism 

p left (Alef, left, (left)delei - pright (vright,0right, 3right)desight. 
edge edge 

0030) If the mechanism 12 were an aperture rather than 
an obstacle, the sign on the density (p) terms on the right 
hand side of equations (5) and (6) would be reversed, since 
then current would be added at the right edge and Subtracted 
at the left edge as the mechanism 12 moves to the right. 

0031) If the range of divergences in the beam 14 that 
would otherwise reach the Sample cup 18 is Small enough, 
there may be Some range of mechanism 12 positions for 
which this range of angles will fall within the angle Sub 
tended by the two edges of the mechanism 12 at the Sample 
cup 18, i.e. within the range of angles between the lines 22 
and 24 in FIG. 1. Within this range of mechanism 12 
positions, if the mechanism 12 is an obstacle, it will intercept 
all of the beam current that would otherwise reach the 
Sample cup 18, or, if it is an aperture, it will intercept none 
of the beam current that would otherwise reach the sample 
cup 18. For mechanism 12 positions to the left of this range, 
only the right edge of the mechanism 12 will intercept beam 
14 current that would otherwise reach the sample cup 18, 
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and for positions to the right of this range, only the left edge 
of the mechanism 12 will intercept beam 14 current that 
would otherwise reach the sample cup 18. Under these 
conditions, there will be no point in the mechanism travel at 
which both left and right edges of the mechanism 12 are 
Simultaneously intercepting beam current that would other 
wise reach the Sample cup 18, and the derivative equation 
(6) above will have no more than one non-zero term on the 
right hand Side at any position. 

0032. A typical sample cup current profile for these 
conditions may be shown in FIG. 2a. In this case, the 
mechanism 12 is an obstacle, as shown in FIG. 1. As the 
mechanism 12 moves from left to right, the current may first 
be blocked by the right edge of the mechanism 12, may then 
be Zero for a short distance, and finally may return to full 
value as the left edge of the mechanism moves out of the 
way. The drop in current at the left can be a result of the 
Second term on the right of equation (6), showing the effect 
of the right edge of the mechanism 12 blocking the beam 14. 
At this point, the angle from the sample cup 18 to the left 
edge of the mechanism 12 can be much greater than to the 
right edge; the density p at this angle is Zero, So the first term 
on the right in equation (6) may make no contribution. 
Similarly, when the current recovers, it can be the effect of 
the left edge moving out of the way, corresponding to the 
first term on the right hand Side of equation (6). At this point 
the angle from the Sample cup 18 to the right edge of the 
mechanism 12 can be large enough in magnitude that the 
density p at this angle, and hence the Second term on the 
right hand Side of equation (6), can be zero. 

di de 

0033. In this case, there will then be no more than one 
unknown current density at each mechanism 12 position (at 
least one of the two terms will always be zero), and the 
density can be calculated directly at a position by dividing 
the derivative of Sample cup current by the Subtended angle 
d6;er or d0th, corresponding to the unknown current den 
sity. 

0034). If the beam 14 has a range of divergence wider than 
the angle Subtended by the mechanism 12, then the current 
may not go to Zero, as illustrated in FIG.2b, and there may 
be Some range of positions for which both edges of the 
mechanism 12 are intercepting beam that would otherwise 
be measured by the Sample cup 18, i.e. for which equation 
(6) may have contributions from both terms on the right 
hand Side. In this case, there may be two unknown current 
densities at a mechanism 12 position, So the densities cannot 
be calculated directly as in the previous paragraph. The 
range of angles in the beam 14 can be determined from the 
range of mechanism 12 positions over which the Sample cup 
current is affected by the mechanism 12. The current density 
profile over this range of angles can be assumed to be 
representable by a piecewise linear curve with breakpoints 
equally Spaced in angle acroSS the range. The density at any 
angle may then be a linear combination of the densities at the 
two breakpoints that bracket it, and So may be also a linear 

p;(6+1 - 6 left. n.) + pill (6ft. n - 6) 
61 - 6; 
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combination of all the breakpoint densities (with all coeffi 
cients but two equal to Zero). For example, if the angle 0,..., 
from the sample cup 18 to the left edge of the mechanism 12 
when the mechanism 12 is at position m lies between 
breakpoints 0, and 0.1, then the current density at 0, can 
be expressed in terms of the breakpoint densities p and pi 
S 

p;(6+1 - 6 left.n) + pi-1 (6left, n - 6) (7) 
Pleft. m . 61 - 6; 

0035) If, at the same mechanism 12 position m, the angle 
0, from the sample cup to the right edge of the mecha 
nism lies between breakpoints 0; and 0.1, then the current 
density at 0th can be expressed in terms of the breakpoint 
densities p and p; as 

pi (6+1 - (right...n) + p + 1 (6-ightm - (i) (8) 
pright, n = - 0-1 - 0 

0036 Within the range of mechanism 12 positions over 
which the sample cup 18 current is affected by the mecha 
nism 12, one can then use these current densities in equation 
(6) to express the derivative of the sample cup current at 
each mechanism 12 position as a linear combination of the 
breakpoint densities. At mechanism 12 position m, the 
derivative can be expressed as 

p; (6+1 - 6-ightm) + p + 1 (0,ightm - 6) (9) - dérightm 
ght, 6-1 0, 

0037 Here, the derivative at mechanism 12 position m is 
a linear combination of the breakpoint densities 0, 0, 0 
and 0. j+1 
a linear combination of all N breakpoint densities 

j? 

More generally, the derivative can be expressed as 

di W (10) 

0038 with all coefficients 0, Zero except the four cor 
responding to the four breakpoints, which bracket the two 
angles 0,en and 0. In equation (9), the coefficient 
C is the coefficient of p and would be given by 

(6-ight, n - (i) (11) 
; 1 = -d6.it, -. (i+1,n right, in 6-1 0.) 

0039. There will be a total of M equations of the form of 
(9), which can each more generally be expressed in the form 
(10), one for each mechanism 12 position in the range of 
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positions for which the mechanism 12 intercepts beam 14 
current that would otherwise reach the sample cup 18. At 
each position m, the coefficients C will be functions of the 
two angles fern, and 0, and of the two Subtended 
angles d6;en and d6th, from the sample cup 18 to that 
position, as indicated in equation (9). A least-squares fit or 
other numerical analysis technique can then be used to 
determine the set of N breakpoint densities pi which best 
match these M derivatives of sample cup 18 current as a 
function of mechanism 12 position. 
0040. In a least-squares analysis, the best choice of the p, 
is that which minimizes the Sum of the Squares of the 
differences between the left and right side of each of the M 
equations (10). The quantity to be minimized is 

W 2 (12) 

-X out) 

0041) The only variables in this equation are the p. The 
quantity x is minimized at the point (set of p) where the 
derivative of x with respect to each of the p is zero. For p 
the requirement is 

dy X. di W d ?y -- = 0 = -2 Crimp; Cini, Or dpi = dy i 2, dpi 2, 

i 

da-0-2 di y 
dp = dy n i=1 (info: O in 

0042. This can be rearranged to 

(13) W i i 

X. r). out- =X of: = n=1 i 

0043. The full set of N simultaneous equations that must 
be Solved to determine the pi can be expressed in matrix 
form as: 

i i i i di 

Xolno in Xolmon Xolmann Xolm. 
n=1 n=1 n=1 n=1 i 

i i Ol i di 

X. (2n(in X. (2n(2n : O2 X. 2m. 
n=1 n=1 : n=1 i 

Ow 
i i i di 
X. CNnCln ; : X. CNn(Nin X. Nm. 
n=1 n=1 n=1 i 

0044) This set of equations can be solved by a variety of 
techniques, including GauSS-Jordan Elimination. 
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004.5 The current densities p in the equations above are 
functions of Xeone, 0, and Zone, where (Xeone,Zeone) are 
the coordinates of the corner of the mechanism defining the 
angle 0. Since different corners of the mechanism 12, at 
different Z coordinates, may define the limiting angles at 
different mechanism 12 positions and on opposite sides (left 
and right) of the mechanism 12, the densities determined 
may be applicable to a number of different Z coordinates. 
Generally, it is desirable to determine current density on a 
plane at a particular Z coordinate, or at a particular orienta 
tion with respect to the Z-axis. In order to do this, it is 
necessary to transform the densities determined in the equa 
tions above to this common plane, which might be a plane 
of particular interest, Such as the plane of the wafer being 
implanted in the case of an ion implanter. 
0046. It is noted that the above derivations may require 
that individual elements of the beam 14 travel in straight 
lines and do not interact with other. This may correspond to 
Situations where external electric or magnetic fields or 
internal Space-charge forces in the beam 14 in the region 
between the moving mechanism 12 and the sample cup(S) 18 
are either nonexistent or Small enough that these limitations 
may be reasonable. Thus, the angle 0 will be constant for a 
given element of beam 14, while the positions at two 
different Z coordinates will be related by 

0047 The numerical value of the current density is 
unchanged in the transformation. This can be seen by 
considering an elemental area dxd0 between X and X+dx and 
between 0+d6 at Z. The current within this element is 
pdxd0. Under the transformation of coordinates, the two 
corners of the element at 0 are both transposed through a 
distance (Z-Z)tan 0, and their spacing remains dx. The two 
corners of the element at 0+d6, are both transposed through 
a distance (Z-Z)tan(0+d6), and their spacing also remains 
dX. The element dxd6 is transposed from a Square element 
into a parallelogram with the same base and height, and 
hence with the same area. Since the current contained in this 
element must be the same before and after the transforma 
tion, and Since the areas are the same, the current density is 
also the same. Therefore, the only quantity which changes in 
the transformation of the emittance data from one Z coor 
dinate to another is the X coordinate at which the density is 
valid. 

0048 FIG. 3 provides a flow chart to illustrate a pre 
ferred embodiment of a method 100 for determining the 
beam current density in a charged particle transport System 
based on position and angle, i.e., the ion beam emittance, 
using the relationships described previously. Profile data for 
the device, as illustrated in FIG. 2a, is obtained at 102 and 
its derivative dI/dx can be numerically determined at 104. A 
variety of techniques for numerical determination of deriva 
tives are known in the art and may be used herein. 
0049 Based on the obtained data, it can be determined at 
106 whether, within the overall range of mechanism 12 
positions over which the beam 14 current measured at the 
Sample cup 18 varies as a function of position, there is Some 
range of mechanism 12 positions for which the range of 
divergences in the beam 14 that would otherwise reach the 
sample cup 18 will fall within the angle subtended by the 
two edges of the mechanism 12 at the Sample cup 18, i.e. 
within the range of angles between the lines 22 and 24 in 
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FIG. 1. This corresponds to the mechanism 12 blocking all 
current reaching the Sample cup 18 in a range of mechanism 
12 positions, if the mechanism 12 is an obstacle, or blocking 
no current reaching the Sample cup 18 in a range of 
mechanism 12 positions, if the mechanism 12 is an aperture. 
This can be accomplished by determining if the current 
profile is constant (either at a Zero value, as previously 
described in relation to FIG. 2a. in the case of an obstacle, 
or at the maximum positive value in the case-of an aperture) 
over a range of positions away from the extremes of mecha 
nism 12 position and Separated from the regions of constant 
current at the extremes by ranges of position where the 
current is varying as a function of position. 
0050. If there is such a range of positions for which the 
range of divergences in the beam 14 that would otherwise 
reach the sample cup 18 will fall within the angle Subtended 
by the two edges of the mechanism at the Sample cup, the 
current density can be determined directly from the deriva 
tive of Sample cup current with respect to position, dI/dx, 
using equation (6). AS noted above, for positions to the left 
of the region of constant values, pened may be Zero and 
only the right edge portion of equation (6) is applicable, 
therefore: 

(E)/de (10a) O = Oright F - - - right : dx)/ ": 

0051 Similarly, for positions to the right of the region of 
constant values: 

() de (10b) O FOief F e i. dy 3. 

0052. Using equations (10a) and (10b) as appropriate for 
the position X, the beam current density p as a function of 
angle 0 can be determined at 108, where d0 can be deter 
mined from equation (8) and 0 can be determined from 
equation (5). 
0.053 For the case where, within the overall range of 
mechanism 12 positions over which the beam 14 current 
measured at the Sample cup 18 varies as a function of 
position, there is no range of positions for which the range 
of divergences in the beam 14 that would otherwise reach 
the sample cup 18 will fall within the angle subtended by the 
two edges of the mechanism 12 at the Sample cup 18, there 
can be two unknown current densities at a position, per and 
pit. The range of angles in the beam 14 current reaching 
the Sample cup 18 can be determined from the range of 
mechanism 12 positions over which the current is affected 
by the mechanism 12. The density p over this range may be 
determined using the equations developed previously and 
one or more curve fitting techniques known in the art, e.g., 
least Squares via trust region, Levenberg-Marquardt, or 
GauSS-Newton algorithms, weighted least Squares, or robust 
fitting procedures Such as bisquare or least absolute residu 
als. In the embodiment of FIG. 3, a least Squares approach 
can be used. 

0054. It can be seen that the current density over the 
range of angles in the beam 14 current reaching the Sample 
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18 cup can be represented by a piecewise linear curve with 
breakpoints equally spaced across the range of angles. The 
spacing of breakpoints can be chosen at 110 to provide the 
predetermined level of accuracy and considering the 
increased processing required for more closely spaced 
breakpoints, as well as the requirement that the number of 
breakpoints must be less than or equal to the number of 
mechanism 12 positions for which current is affected by the 
mechanism 12, i.e., the number of unknowns must be leSS 
than or equal to the number of equations. AS noted previ 
ously, the derivative of Sample cup 18 current at a mecha 
nism 12 position can be expressed as a linear combination of 
the breakpoint current densities. Thus, a least Squares fit at 
112 can determine the set of current densities that best match 
the derivative in equation (6) over the range of positions for 
which the mechanism 12 intercepts beam 14 current that 
would otherwise reach the sample cup 18. 

0055. The methods and systems described herein are not 
limited to a particular hardware or Software configuration, 
and may find applicability in many computing or processing 
environments. The methods and Systems can be imple 
mented in hardware or Software, or a combination of hard 
ware and Software. The methods and Systems can be imple 
mented in one or more computer programs executing on one 
or more programmable computers that include a processor, 
a storage medium readable by the processor (including 
volatile and non-volatile memory and/or storage elements), 
one or more input devices, and one or more output devices. 

0056 The computer program(s) is preferably imple 
mented using one or more high level procedural or object 
oriented programming languages to communicate with a 
computer System; however, the program(s) can be imple 
mented in assembly or machine language, if desired. The 
language can be compiled or interpreted. 

0057 The computer program(s) can be preferably stored 
on a storage medium or device (e.g., CD-ROM, hard disk, 
or magnetic disk) readable by a general or special purpose 
programmable computer for configuring and operating the 
computer when the Storage medium or device is read by the 
computer to perform the procedures described herein. The 
System can also be considered to be implemented as a 
computer-readable Storage medium, configured with a com 
puter program, where the Storage medium So configured 
causes a computer to operate in a specific and predefined 

C. 

0.058 While the methods and systems have been dis 
closed in connection with the preferred embodiments shown 
and described in detail, various modifications and improve 
ments thereon will become readily apparent to those skilled 
in the art. The methods can be used to determine the mean 
direction of the beam in an implanting device or other 
charged particle transport System and for Setting magnets or 
other Steering devices to ensure proper orientation of the 
beam with respect to focusing elements or target Surfaces. 
The methods also may be used for diagnosis and evaluation 
of the performance of an implanting device or other charged 
particle transport System. As an example, the methods may 
Sense a large divergence that may be indicative of poor 
Space-charge neutralization in Some Section of an ion beam 
line. Accordingly, the Spirit and Scope of the present methods 
and Systems are to be limited only by the following claims. 
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What is claimed is: 

1. A method for determining beam emittance of a beam of 
charged particles at a plane in a charged particle transport 
System, comprising: 

obtaining a beam current profile; 

determining a derivative of the current profile; and 

determining a beam current density p based on the deriva 
tive, the beam current density corresponding to the 
beam emittance. 

2. The method of claim 1, wherein obtaining the current 
profile comprises obtaining the beam current passing a 
moving mechanism of the charged particle transport System 
and reaching a current Sensor located downstream of the 
moving mechanism, as a function of the position of the 
moving mechanism. 

3. The method of claim 2, wherein determining the 
derivative comprises: 

determining the derivative with respect to the position of 
the moving mechanism, and determining the derivative 
numerically. 

4. The method of claim 2, wherein determining the 
derivative comprises determining the derivative by a rela 
tionship 

di 
- Pleft * de left - pright 3 d6ight, 

edge edge edge edge 

where: 

p left and pright 
edge edge 

are current densities in the beam passing left and right edges, 
respectively, of the mechanism, and where 

de left and d6ight 
edge edge 

are angles Subtended to the left and right edges of the 
mechanism, respectively, by the current Sensor at the Sample 
plane. 

5. The method of claim 2, wherein determining beam 
current density comprises determining whether, within an 
overall range of mechanism positions over which the beam 
current measured at the current Sensor varies as a function of 
position, there is Some range of mechanism positions for 
which a range of divergences in the beam that would 
otherwise reach the current Sensor will fall within an angle 
Subtended by edges of the mechanism at the current Sensor. 

6. The method of claim 5, wherein determining the 
derivative, when there is Some range of mechanism posi 
tions for which the range of divergences in the beam that 
would otherwise reach the current sensor falls within the 
angle Subtended by edges of the mechanism at the current 
Sensor, comprises determining the derivative by a relation 
ship 
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di 
= -pright* déright 

edge edge 

for mechanism positions left of the range of mechanism 
positions, for which beam current that would otherwise 
reach the current Sensor is intercepted by a right edge 
of the mechanism; 

di de 
Oleft 8 (it left d x T. "T. 

for mechanism positions right of the range of mechanism 
positions, for which the beam current that would oth 
erwise reach the current Sensor is intercepted by a left 
edge of the mechanism, where: 

p left and pright 
edge edge 

are current densities in the beam passing the left and 
right edges, respectively, of the mechanism; 

de left and déright 
edge edge 

are the angles Subtended by the current Sensor at the 
Sample plane to the left and right edges of the 
mechanism, respectively. 

7. The method of claim 2, wherein determining beam 
current density comprises performing curve fitting tech 
niques on the derivative of the beam current profile over a 
range of positions for which the mechanism intercepts beam 
current that would otherwise reach the current Sensor. 

8. The method of claim 1, wherein the derivative is 
determined numerically. 

9. The method of claim 1, wherein the derivative is given 
by the relationship 

di 
= P left 3 d6 left - pright 3 d6ight, 

edge edge edge edge 

where: 

p left and pright 
edge edge 

are current densities in the beam passing left and right edges, 
respectively, of a moving mechanism of the charged particle 
transport System, and where 
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de left and d6ight 
edge edge 

are angles Subtended by the current Sensor to the left and 
right edges of the mechanism, respectively. 

10. The method of claim 9, wherein the derivative is 
determined numerically. 

11. The method of claim 1, wherein determining beam 
current density comprises determining whether, within an 
overall range of mechanism positions over which the beam 
current measured at a current Sensor at the Sample plane 
varies as a function of position, there is Some range of 
mechanism positions for which a range of divergences in the 
beam that would otherwise reach the current sensor will fall 
within an angle Subtended by edges of the mechanism at the 
Current SenSOr. 

12. The method of claim 11, wherein determining the 
derivative, when there is Some range of mechanism posi 
tions for which the range of divergences in the beam that 
would otherwise reach the current sensor will fall within the 
angle Subtended by the edges of the mechanism at the 
current Sensor, comprises determining the derivative by a 
relationship 

di 
= -pright : déright 

edge edge 

for mechanism positions left of the range of mechanism 
positions, for which beam current that would otherwise 
reach the current Sensor is intercepted by a right edge 
of the mechanism; 

di 
dy O left : d 0 left 

edge edge 

for mechanism positions right of the range of mechanism 
positions, for which the beam current that would oth 
erwise reach the current Sensor is intercepted by a left 
edge of the mechanism, where 

Pleft and Pright 
edge edge 

are current densities in the beam passing the left and 
right edges, respectively, of the mechanism; 

d 6 left and d fight 
edge edge 

are the angles Subtended by the current Sensor to the left 
and right edges of the mechanism, respectively. 

13. The method of claim 11, wherein determining beam 
current density, when there is no range of mechanism 
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positions for which the range of divergences in the beam that 
would otherwise reach the current sensor will fall within the 
angle Subtended by the edges of the mechanism at the 
current Sensor, comprises performing curve fitting tech 
niques on the derivative of the beam current profile over a 
range of positions for which the mechanism intercepts beam 
current that would otherwise reach the current Sensor. 

14. The method of claim 1, wherein determining beam 
current density comprises performing curve fitting tech 
niques on the derivative of the beam current profile over a 
range of positions for which the mechanism intercepts beam 
current that would otherwise reach a current Sensor at the 
Sample plane. 

15. The method of claim 14, wherein curve fitting com 
prises: 

expressing the derivative of beam current with respect to 
mechanism position as a linear combination of current 
densities at Selected breakpoints equally Spaced over a 
range of angles in the beam reaching the current Sensor 
and 

applying a least Squares procedure to the beam current 
derivative So expressed using beam current profile data 
to determine a set of current densities best matching the 
derivative over the range of positions for which the 
mechanism intercepts beam current that would other 
wise reach the current Sensor plane. 

16. The method of claim 14, wherein curve fitting com 
prises using at least one of a procedure of least Squares, 
weighted least Squares, bisquare and absolute residuals. 

17. A method for determining beam emittance of a beam 
of charged particles at a plane in a charged particle transport 
System, comprising: 

obtaining a beam current profile for beam current passing 
a moving mechanism of the charged particle transport 
System and reaching a Sampling Faraday cup located 
downstream of the moving mechanism, as a function of 
the position of the moving mechanism. 

numerically determining a derivative of the current profile 
with respect to the position of the mechanism; 

determining whether, within an overall range of mecha 
nism positions over which the beam current measured 
at the Sample cup varies as a function of position, there 
is Some range of mechanism positions for which the 
range of divergences in the beam that would otherwise 
reach the Sample cup will fall within an angle Sub 
tended by edges of the mechanism at the Sample cup. 

determining based on the derivative, a beam current 
density p corresponding to the beam emittance, when 
there is Some range of mechanism positions for which 
the range of divergences in the beam that would oth 
erwise reach the Sample cup will fall within the angle 
Subtended by the edges of the mechanism at the Sample 
Cup; and 

determining, when there is no range of mechanism posi 
tions for which the range of divergences in the beam 
that would otherwise reach the sample cup will fall 
within the angle Subtended by the edges of the mecha 
nism at the Sample cup, the beam current density by 
performing curve fitting techniqueS on the derivative of 
the beam current profile over a range of positions for 
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which the mechanism intercepts beam current that 
would otherwise reach the Sample cup. 

18. The method of claim 17, when there is some range of 
mechanism positions for which the range of divergences in 
the beam that would otherwise reach the sample cup will fall 
within the angle Subtended by the edges of the mechanism 
at the Sample cup, wherein the derivative is given by the 
relationship 

di 
pright * deright 
edge edge 

for mechanism positions left of this range, for which beam 
current that would otherwise reach the Sample cup is 
intercepted by a right edge of the mechanism; 

di 
dy O left : d 0 left 

edge edge 

for mechanism positions right of this range, for which the 
beam current that would otherwise reach the Sample 
cup is intercepted by a left edge of the mechanism, 
where 

Pleft and Pright 
edge edge 

are current densities in the beam passing left and right 
edges, respectively, of the mechanism, and where 

d 6 left and d fight 
edge edge 

are the angles Subtended by the downstream current 
Sensor to the left and right edges of the mechanism, 
respectively. 

19. The method of claim 17, wherein curve fitting com 
prises: 

expressing the derivative of the beam current with respect 
to mechanism position as a linear combination of beam 
current densities at Selected breakpoints equally Spaced 
over the range of angles in the beam reaching the 
Sample cup, and 

applying a least Squares procedure to the beam current 
derivative So expressed using the numerically deter 
mined derivative of the beam current profile data to 
determine a Set of beam current densities best matching 
the derivative over the range of positions for which the 
mechanism intercepts beam current that would other 
wise reach the Sample cup. 

20. A computer program tangibly Stored on a computer 
readable medium and operable to cause a computer to enable 
a user to determine beam emittance of a beam of charged 
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particles at a plane in a charged particle transport System, the 
computer program comprising instructions to: 

obtain a beam current profile; 
determine a derivative of the current profile, and 
determine a beam current density p based on of the 

derivative, the beam current density corresponding to 
the beam emittance. 

21. The computer program of claim 20, comprising 
instructions to obtain the current profile for beam current 
passing a moving, Straight-edged mechanism of the charged 
particle transport System and reaching a current Sensor of the 
charged particle transport System. 

22. The computer program of claim 21, comprising 
instructions to determine if there is Some range of mecha 
nism positions for which a range of divergences in the beam 
that would otherwise reach the current sensor will fall within 
an angle Subtended by edges of the mechanism at the current 
SCSO. 

23. The computer program of claim 22, comprising 
instructions to determine current densities from the deriva 
tive of the beam current profile, when there is Some range of 
mechanism positions for which the range of divergences in 
the beam that would otherwise reach the current sensor will 
fall within the angle subtended by the edges of the mecha 
nism at the current Sensor, by the relationship 

di 
= Pright dright 

edge edge 

for mechanism positions left of this range, for which beam 
current that would otherwise reach the current Sensor is 
intercepted by a right edge of the mechanism; 

di 
dy O left : d 0 left 

edge edge 

for mechanism positions right of this range, for which the 
beam current that would otherwise reach the current 
Sensor is intercepted by a left edge of the mechanism, 
where 

Pleft and Pright 
edge edge 

are current densities in the beam passing the left and 
right edges, respectively, of the mechanism, and where 

d6 left and d6,ight 
edge edge 

are the angles Subtended to the left and right edges of 
the mechanism, respectively, by the current Sensor. 
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24. The computer program of claim 22, comprising 
instructions to determine beam current density when there is 
no range of mechanism positions for which the range of 
divergences in the beam that would otherwise reach the 
current sensor will fall within the angle subtended by the 
edges of the mechanism at the current Sensor by performing 
curve fitting techniqueS on the derivative of the beam current 
over a range of positions for which the mechanism intercepts 
beam current that would-otherwise reach the current Sensor. 

25. The computer program of claim 24, comprising 
instructions to: 

express the derivative of the beam current profile with 
respect to mechanism position as a linear combination 
of beam current densities at Selected breakpoints 
equally spaced over the range of angles in the beam 
reaching the current Sensor; and 

apply a least Squares procedure to the beam current profile 
derivative So expressed using a numerical derivative of 
the beam current profile data to determine a set of beam 
current densities best matching the derivative over the 
range of positions for which the mechanism intercepts 
beam current that would otherwise reach the current 
SCSO. 

26. The computer program of claim 24, comprising 
instructions to determine the derivative using at least one of 
a procedure of central differences, forward differences, 
backward differences and Taylor Series expansion. 

27. A system to determine beam emittance of a beam of 
charged particles at a plane in a charged particle transport 
System, comprising: 

a Straight-edged mechanism capable of being moved from 
a starting position at which neither edge of the mecha 
nism intercepts current in the beam, through a range of 
intermediate position at one or more of which one or 
more edges of the mechanism intercept current in the 
beam, to a final position at which neither edge of the 
mechanism intercepts current in the beam; 

at least one Sampling Faraday cup to measure beam 
current passing the mechanism and reaching the posi 
tion of the Sampling Faraday cup on a plane down 
Stream of the mechanism; 

a derivative module to determine a derivative of measured 
Sampling Faraday cup current with respect to mecha 
nism position, as a function of mechanism position; and 

an analysis module to determine a beam current density p 
as a function of position and direction based on of the 
derivative, the beam current density corresponding to 
the beam emittance. 

28. The system of claim 27, wherein the analysis module 
determines beam current density p as a function of position 
and direction when, within an overall range of mechanism 
positions over which the beam current measured at the 
Faraday cup varies as a function of position, there is Some 
range of mechanism positions for which a range of diver 
gences in the beam that would otherwise reach the Faraday 
cup will fall within an angle Subtended by edges of the 
mechanism at the Faraday cup, by the relationship 

di 
pright * deright 
edge edge 
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for mechanism positions left of this range, for which beam 
current that would otherwise reach the Faraday cup is 
intercepted by a right edge of the mechanism; 

di 8 
= p if * (tt left 

dy edge edge 

for mechanism positions right of this range, for which the 
beam current that would otherwise reach the Faraday 
cup is intercepted by a left edge of the mechanism; 
where 

Pleft and Pright 
edge edge 

are current densities in the beam passing the left and 
right edges, respectively, of the mechanism, and where 

d6 left and d6,ight 
edge edge 

are the angles Subtended by the Faraday cup to the left 
and right edges of the mechanism. 

29. The system of claim 27, wherein the analysis module 
includes a curve fitting module to determine beam current 
density, when there is no mechanism position for which the 
range of divergences in the beam that would otherwise reach 
the Faraday cup will fall within the angle Subtended by the 
two edges of the mechanism at the Faraday cup, by per 
forming curve fitting techniques on the derivative of the 
beam current profile over a range of positions for which the 
mechanism intercepts beam current that would otherwise 
reach the Faraday cup. 

30. The system of claim 29, wherein the curve-fitting 
module comprises: 

a breakpoint module to express the derivative of the beam 
current profile as a linear combination of beam current 
densities at Selected breakpoints equally spaced over 
the range of angles in the beam reaching the Faraday 
Cup; and 

a least Squares module to apply a least Squares procedure 
to the beam current profile derivative So expressed 
using a numerical derivative of the beam current profile 
data to determine a set of current densities best match 
ing the derivative over the range of positions for which 
the mechanism intercepts beam current that would 
otherwise reach the Faraday cup. 

31. The system of claim 29, wherein the curve fitting 
module comprises at least one of a least Squares module, a 
weighted least Squares module, a bisquare module and an 
absolute residuals module. 


