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Abstract

It is commonly accepted that intra-column zone dispersion in CZE rests on multiple mechanisms, viz. diffusion,
interaction of analyte with the capillary walls, Joule heat and conductivity differences between sample zone and the
surrounding buffer. The most important extra-column contributor to bandwidth is thought to be the starting zone width. The
present study shows that the length of the starting zone above 10 mm is linearly related to the bandwidth of R-phycoerythrin
(M, 290-107). Below that length, bandwidth demonstrates a plateau preceded by a slight rise. Within the ‘plateau range’, the
ratio of bandwidth to effective capillary length is close to constant while it is independent of electric field strength in the
range of 37 to 370 Vcm ™' and of protein concentration in the range of 0.1 to 1000 g ml~'. The experimental observations
support the notion that the analyte—wall interaction is the determining source of intra-column zone dispersion. A slight rise
observed at initial zone lengths of less than 2 mm was accounted for by a diffusion model taking into account a non-iocal
initial concentration of analyte. The presence of polyethyleneglycol in the buffer within a concentration range up to 6% does
not affect bandwidth. Above that concentration, the level of constant bandwidth is raised. © 1997 Elsevier Science BV.
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1. Introduction

Capillary zone electrophoresis (CZE) is widely
considered to be a highly effective separation method
with an efficiency, expressed in terms of a theoretical
plate number of several hundred thousand, assuming
that axial diffusion be the sole source of peak
dispersion. Yet, that theoretical efficiency was rarely
achieved in practical separations. It has been real-
ized, from early on, that the peak width in CZE can
have a multiplicity of causes [1,2]. To date, diffusion
(i), Joule heating (ii), the difference in conductivity
between the sample zone and surrounding buffer (iii)
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and interactions between analyte and capillary walls
(iv) can be thought of as being the most important
intra-column causes of peak broadening (e.g. [2.3]).
In the particular case of electrophoresis in sieving
media, the interaction of analyte molecules with the
polymeric matrix (v) has also been noted as an
additional possible source of peak broadening [4].
All of these five factors, together with the width of
starting and detection zones (vi), as long as on-
column injection and detection are employed, de-
termine the total (final) peak width constituting the
plate number and, ultimately, resolution.

In the application of CZE to proteins it has
recently been shown that size-dependent retardation
(‘molecular sieving’) exerted by polymers contained
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in an electrophoretic buffer at concentrations above
the entanglement threshold is govemed by the ratio
of protein Stokes’ radius to the screening length
[5.6], conceived as the average size of ‘mesh’ of the
polymer network formed in the solution. However, a
prediction of resolving capacity of a polymeric
sieving medium requires in addition an understand-
ing of how the medium affects peak broadening. To
answer that question an insight into the mechanisms
responsible for the broadening is required. Thus, it is
necessary to quantitatively evaluate contributions of
each potential source of peak broadening. Knowing
what these factors are and to what extent they
contribute to the final band width might both facili-
tate optimizing separation efficiency and allow one
to assess the limits of optimization. Recently, such
an approach has been utilized in capillary gel
electrophoresis of DNA fragments [7,8] as well as
CZE of amino acids [9] and peptides [10].

The present experimental study aimed at determin-
ing which factor or factors dominantly affect peak
width in CZE of proteins under conventional con-
ditions both in the presence and absence of poly-
meric media. Those conditions include a commercial
apparatus with an effective cooling system, a low
conductivity electrophoretic buffer and capillaries
with an internal polymer coating to sufficiently
suppress electroosmotic flow.

Since the viscosity of polymer solutions depends
on polymer concentration and molecular mass as
well as the rate of flow of the injection, it is difficult
to adjust the size of starting zones for different
solutions. It seems to be more appropriate to analyze
the effects of the polymeric media on bandwidth by
comparing bandwidth as a function of starting zone
length obtained in a buffer alone with that in buffer
containing the polymer. Thus, the emphasis has been
placed on studying the contribution to bandwidth
arising from a variation of starting zone length.

A native fluorescent protein, R-phycoerythrin (M,
290-107), was used as a model analyte in view of a
number of its advantageous properties. R-Phyco-
erythrin is a highly homogeneous protein whose
shape might be approximated by that of a rigid
sphere of 4 nm radius considering its sedimentation
constant [5]. Its native fluorescence allows one to
vary its concentration over a wide range without a
corresponding loss in detection sensitivity.

2. Experimental

2.1. Materials

(2-[N-cyclohexylamino]-ethanesulfonic acid)
(CHES) was obtained from Sigma (St. Louis, MO,
USA, Cat. No. C-2885). The native fluorescent
protein, R-phycoerythrin (M, 290- 10%) was a product
of Polysciences (Warrington PA, Cat. No. 18188).
Polyethyleneglycol (PEG) with M. 20-10°, 40-10°,
100-10%, 200-10°, 300-10°, 400-10°, 600-10°, 1000-
10°, 4000-10" and 8000-10° obtained from Sigma
and mesityl oxide from Aldrich (Milwaukee, WI,
USA, Cat. No. 141-79-7) were used.

2.2. Capillary zone electrophoresis (CZE)

CZE was carried out in 0.025 M CHES, 0.05 M
Tris, pH 9.0, in the presence or absence of PEG,
using the HPCE-2100 apparatus (Beckman Instru-
ments, Fullerton, CA, USA) equipped with fluores-
cence and ultraviolet detectors. In our preparation of
buffer containing PEG, the polymer was dissolved
for 0.5 to 3 days, depending on its M, in deionized
water with gentle agitation. The resulting aqueous
solution was mixed with a 10-fold concentrate of the
buffer. Capillaries of 27 to 67 cm length and 100 pm
diameter were used. Capillaries were internally
coated with 3% polyacrylamide [11]. The detection
window was formed at 7 cm from the ancdic end of
the capillary prior to internal coating. Other con-
ditions were those previously described [12]. Elec-
troendosmosis (EEO) was measured prior to CZE as
the time of displacement to the detector of buffer
containing 0.05% mesityl oxide from the anodic
reservoir. Capillaries exhibiting EEO in excess of
1X107° em” V™' s7' (4% of the measured mobility
of phycoerythrin) were discarded.

2.3. Data processing

2.3.1. Length of starting zone
The length of starting zone, L, can be calculated
on the basis of the Poiseuille law (e.g. [13]) as:

L, = Aprzt/SnL\ ()

where Ap is the pressure difference across the



S.P. Radko et al. | J. Chromatogr. A 781 (1997) 277-286 279

capillary, r is the internal radius of capillary, ¢ is the
injection time, 7 is the solution viscosity, and L, is
the total length of the capillary. Since, r=50 p,
n=0.9 cPs, and according the manufacturer, Ap=
0.5 ps.i. (1 p.s.i.=6894.76 Pa), the length of the
starting zone for the minimal injection time provided
by the HPCE-2100 apparatus (=1 s) may be written
as:

L (cm) = 11.9/{L,(cm)] (2)

The length of starting zone can also be calculated
by using the time required to replace the buffer in the
capillary with the same buffer containing a detect-
able agent. That time was experimentally measured
as the passage time of the buffer containing 0.05% of
mesityl oxide to the detector at a given injection
pressure for capillaries of different lengths (27 to 67
cm). For a 1 s injection it gives the length of the
starting zone as:

L,(cm)=(16.7*x1.4)/[L (cm)] (3)

which is greater than the expected value by a factor
of 1.4. That fact is thought to be due to a real value
of injection pressure higher than 0.5 psi. Eq. (3) was
used to calculate values of L, shown in the figures.
Gravity flow injection was used (e.g. 2) to obtain a
starting zone less than the minimal one provided by
the injection system of the HPCE-2100 apparatus. In
that case, the length, L, was calculated on the basis
of the proportionality between phycoerythrin peak
area and that length according to:

L(&)/L(p)=F()/F(p) 4)

where L (g) and F(g) are the length of starting zone
and peak area obtained at a gravity flow injection,
respectively, and L (p) and F(p) are the length of
starting zone and peak area at the given injection
pressure, respectively.

2.3.2. Spatial width of the peak at half-height
(bandwidth), AX,,,

The migration times corresponding to the half-
heights of the ascending and descending limbs of the
detected peak, ¢, and ¢,, as well as the mode of the
peak, ¢, were measured. The conversion from the
‘temporal’ width of a zone, At,,,=(f, —t,), with
units of time, to the spatial width of the zone passing

through the detector position, AX,,,, with units of
length, was made as follows [13]:

AX,,, =4t 11, )L —d (%)

In this relation L is the effective capillary length
(capillary length up to the detector) and 4 is the
spatial width of the detector window (d=0.5 mm in
our case). For convenience, the spatial width of the
peak will be referred to as bandwidth analogous to
the terminology used in gel electrophoresis.

3. Results

3.1. Non-monotonic dependence of bandwidth on
the starting zone length

The bandwidth of R-phycoerythrin in CZE in-
creases as a linear function of the starting zone
length, L, when L >10 mm and the effective
capillary length is in the range of 200-600 mm (Fig.
1). The parameters of that linear function are listed
in Table 1.
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Fig. 1. Bandwidth as a function of starting zone length: CZE of
R-phycoerythrin (10 pg ml™"), 0.025 M CHES, 0.05 M Tris, pH
90, 25°C, 370 Vcm™'. Bandwidth, AX,,,, and starting zone
length, L , as defined under Section 2.
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Table 1
Parameters of the linear function relating bandwidth and length of
the starting zone: AX,,,=AL +B

L A B R
{(mm) (mm)

200 0.42 7.4 0.956
300 0.43 9.1 0.996
400 0.41 13.5 0.998
500 0.46 157 0.995
600 0.50 19.5 0.996

Where L=effective length of capillary.

3.2. Proportionality between parameter B and the
effective capillary length

The parameter B of Table 1 represents an expres-
sion of the joint contribution of all factors other than
the starting zone length to bandwidth. It increases
linearly as a function of the effective length of the
capillary, with slope A of 0.5 when L =10 mm. The
parameter B can be evaluated as contributing 70% or
more to the total bandwidth when L, <10 mm. On a
semilogarithmic scale the same data exhibit a plateau
of bandwidth in the range below L, =10 mm (Fig. 2)
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Fig. 2. Non-monotonic dependence of bandwidth on starting zone
length: Semi-logarithmic plot of the data in Fig. 1. Bandwidth is
expressed relative to effective capillary length.

as expected from a diffusion analysis discussed in
the Appendix.

3.3. Independence of bandwidth of electric field
strength and sample concentration

Under the conditions of CZE used and within the
‘plateau range’ (1 mm<{L_ <10 mm), the bandwidth
of R-phycoerythrin is unaffected by variations both
in field strength over a range of 37 Vem ™' to 370
Vem ™' (Fig. 3A) and in sample concentration from
0.1 to 1000 pg ml~' (Fig. 3B).

3.3.1. Independence of bandwidth on PEG
molecular mass at AL, >2 mm

When the length of the starting zone exceeds 2
mm, the bandwidth is independent of the molecular
weight of PEG present in the electrophoretic buffer
(Fig. 4A and B). Below AL,=2 mm the bandwidth
increases. The increase is most pronounced at a low
molecular mass of PEG (ibid.)

3.4. Independence of bandwidth on PEG in the
moderate concentration range and increase of
bandwidth at high PEG concentrations

In the concentration range of 1 to 6% PEG, the
bandwidth is independent of PEG concentration; and
above 6% PEG, the bandwidth of phycoerythrin is
augmented (Fig. 5).

4. Discussion

Band spreading is of central concern for CZE
insofar as it affects separation efficiency (theoretical
plate height, H). As a working hypothesis for a
theoretical treatment of zone dispersion, the contri-
butions of all of various sources of band spreading in
terms of variance, o, have been defined and treated
as if they were independent of one another and
consequently additive [14]. It is implied in the notion
of variance, o, that the distribution function is
normalized for the amount of analyte, i.e. it is given
a value of 1. Neglecting the width of the detection
zone, one might write (e.g. [2]):

2 2

2 2 2 2 2
oL =0 to, o, o, to, (6)
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Fig. 3. Relative bandwidth of R-phycoerythrin as a function of field strength (panel A) and sample concentration (panel B). Other conditions
as in Fig. 1. Effective capillary length=200 mm.
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Fig. 4. Relative bandwidth of R-phycoerythrin as a function of the starting zone length at various M, of PEG. PEG concentrations of 1%
(panel A) and 4% (panel B). Other conditions as in Fig. 3.
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Fig. 5. Relative bandwidth of R-phycoerythrin as a function of the
starting zone length, using various PEG (M, =2- 10%) concen-
trations. Other conditions as in Fig. 3.

+; 15 the total variance and T\ T Tags OTay
and o are the variances due to a finite length of
starting zone, axial diffusion, a temperature gradient,
conductivity differences and an analyte—wall inter-
action, respectively.

2
where o

4.1. Diffusion

For the variance due to axial diffusion, o, one
might write [2]:

o3 =2DLIuE (7)

where D and p are the diffusion coefficient and
electrophoretic mobility of the analyte, respectively.
For phycoerythrin, D=4-10"7 em’s” ' [3,15]. Its
mobility, u, was measured as 2410 > cm®*V™'s7"
The lowest field strength, E, used was 37 Vem .
Since the total variance of peak, o-lzm, is related to the
peak width at half height (bandwidth) as o’ =
(AX,,,)’15.54, it may be evaluated on the basis of
experimental values of AX,,,. Taking the lowest
value of AX,,, observed experimentally for the
capillaries of each length used (Figs. 1 and 2), one
may show that the relative contribution of the

diffusional dispersion to bandwidth cannot exceed
1% under the conditions of the study.

4.2. Joule heat

In the absence of convection, Joule heating can
still give rise to band spreading by generating a
temperature gradient inside of the capillary. The
gradient is a result of heat being dissipated along the
capillary wall while induced uniformly in the bulk of
the capillary. Its profile is close to parabolic [16].
Since electrophoretic mobility is a function of tem-
perature, the temperature gradient necessarily in-
duces a velocity gradient across the capillary cross-
section which results in band spreading.

The mathematical treatment of the contribution of
the parabolic temperature profile to band spreading
applied an analogy with the Taylor dispersion in
chromatography [16,2] and provides the following
expression for o

o = r°E’K 0% uL1 1536Dk’ (8)

where k is a specific electroconductance of the
buffer, @, is a temperature coefficient of the electro-
phoretic mobility (4,=0.02 K~' [2]) and k, is a
specific thermoconductivity of the buffer. The pa-
rameter k can be calculated from & =1/7r"E=0.0004
W em™! (since the current, I, was 12 pA at E=
370 Vcm™'). The thermoconductivity of the buffer
can be taken as that of water, £,=0.006
Wem™ ' K—1 (e.g. [2]). Thus, even for the longest
capillary used (L=60 cm) and E=370 Vcm ™', the
variance due to the temperature gradient will be of
the order of 107° cmz, i.e. far below the experimen-
tally observed values of total variance [(AX,,,)/
5.54] (Figs. 1-3). This agrees with the observation
that bandwidth is nearly independent of the field
strength (Fig. 3A). If the temperature profile would
contribute sufficiently to band spreading under the
imposed conditions, in the absence of an appreciable
contribution due to diffusion, a sharp increase of
bandwidth with the field strength (x<FE 2‘5) would have
to be expected. This is not observed experimentally.

4.3. Conductivity difference

The difference in conductivity between the sample
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zone and surrounding buffer is known to be respon-
sible for both band spreading and peak asymmetry in
electrophoresis [1-3]. The phenomenon was first
theoretically treated by Mikkers et al. [17] for
univalent ions. To describe conductivity-induced
band spreading quantitatively in a general case,
Hjerten [3] has proposed a simple approximate
expression:

o = (L116)* X (Ak/k)* (9)

where Ak is the conductivity difference between the
buffer and the analyte zone, and k is the conductivity
of the buffer. Since Ak has to be expected to be
proportional to analyte concentration, the contribu-
tion of the conductivity difference to band spreading
can easily be tested by varying the protein con-
centration of the sample. As is seen in Fig. 3B, both
increasing and decreasing the sample concentration
by a factor of 100 (compared to the concentration 10
pgml™" at which the rest of the experiments have
been carried out) had no appreciable effect on the
measured bandwidth of phycoerythrin. Thus, the
‘electrophoretic’ contribution to band spreading can
be ruled out under the conditions used.

4.4. Starting zone length and analyte—wall
interaction

Since the axial diffusion, Joule heating and con-
ductivity difference can be neglected as contributors
to the observed band spreading, such spreading must
be due to the finite length of the starting zone and an
interaction of analyte with the capillary walls. To
what extent each of those factors contributes to
bandwidth can be understood by studying the depen-
dence of bandwidth on the starting zone length.

If the sample is introduced into the capillary as a
rectangular pulse, the variance due to injection, 0',2,
is proposed to enter into Eq. (6) as L7112 (e.g. [2]).
However, that approach appears correct only for
small injection lengths when diffusional dispersion
can convert an initial analyte distribution into a
near-Gaussian. For relatively large injection plugs,
the bandwidth has to be thought to approach the
length of the starting zone [13], resulting in their
proportional increase with L,. The experimental
findings are in reasonable agreement with such

expectation. The increase of bandwidth with starting
zone length can be approximated by a linear function
(Fig. 1 and Table 1) beginning with L, above 10
mm. The coefficient A of the observed linear depen-
dence is near-constant for all effective lengths of
capillaries used while the term B is nearly linearly
dependent on those lengths (Table 1). Thus, one may
consider that the term which depends on L, in the
equation stated in Table 1 is a contribution to
bandwidth due to the length of starting zone. The
term B is likely to reflect analyte—wall interactions
during electrophoresis.

A somewhat unintuitive result in Fig. 2 is the
occurrence of a minimum in the bandwidth consid-
ered as a function of starting zone length. However,
this can be shown to follow from an analysis based
on diffusion theory, as indicated in the Appendix.

As shown in Section 4.1, the ordinary diffusion
along the capillary axis does not contribute to any
significant extent to final bandwidth and thus cannot
be responsible for the observed anomaly. The phys-
ical source of the anomaly is believed 1o be the
analyte—wall interaction. Rigorously, a non-Marko-
vian generalization of the Eq. (A.1) of the Appendix
has to be used [18]. Yet, the main feature of the
model is that it takes into account an impact of the
non-local initial condition, viz. one of the finite
starting zone length, on the zone kinetics in CZE.
Hence, the simplification of the process by use of a
linear diffusion model seems appropriate under the
condition that the diffusion constant in Eq. (A.1) is
an apparent ‘diffusion’ constant defined by the actual
band spreading.

4.5. Presence of polymer in the buffer

To evaluate the effect of polymer on bandwidth,
two essential parameters, the entanglement threshold,
c*, and the screening length, & are needed and
require definition. The entanglement threshold, c*,
denotes the transition from a dilute regime to a
network (semi-dilute regime). The relation between
c* and M, is rewritten [19] as:

c* = 1.5/(KM?) (10)

where K and a are constants for a specific polymer
and solvent (for PEG in aqueous solution, a =0.76
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and K=0.019 cm’ g~' [20]). The average size of the
mesh of the network formed in the concentration
range above c¢* can be considered to equal the
screening length, &, which is independent of polymer
M_ but depends on polymer concentration (e.g. [19]).
For PEG, the values can be calculated as:

£=0.6c""" (11)
with dimensions of & and ¢ in nm and gem >,
respectively. A derivation of Eq. (11) rests on Eq. 1,
2, 3 of [12]. When the particle diameter, 2R, is less
than ¢, the particle interacts with the polymer
network through the occupancy of spaces in the
network; if it is more than &, the interaction follows
a different mechanism, viz. one of displacement of
the network by the particle [12].

A polymer network in solution can be generated
either by increasing the concentration of a polymer
of defined M, or by increasing the M, of the polymer
at a defined concentration. Both approaches were
taken in the present study to evaluate band spread-
ing.

First, ¢* was varied at constant PEG concentration
of | and 4% by varying the value of M, of PEG from
20-10" to 8000-10° (at constant £). The relative
bandwidth of phycoerythrin was shown to be in-
dependent of c* (Fig. 4), i.e. independent of the
existence of a polymer network. This means that the
contribution of the Giddings—Weiss mechanism [18]
of an interaction with the polymer to form stationary
and mobile states is not appreciable under the
conditions used.

The second approach was to study dispersion in a
network formed by a polymer solution at various
concentrations and constant M. Concentrations were
chosen to cross the transition between values of ¢
larger than 2R (0.01 to 0.04 g PEG per cm’) or
smaller than 2R (0.05 to 0.08 g PEG per cm’).

One sees (Fig. 5) that in the two regimes, relative
bandwidth varies with the length of sample zone in
similar fashion. However, the values of bandwidth
are shifted upwards upon the transition from an
occupancy mechanism (2R<<£) to a network dis-
placement mechanism (2R>¢). The transition be-
tween the two regimes appears at PEG concen-
trations above 0.04 g cm’, corresponding to values of
& smaller than 6.7 nm. Considering that the diameter

of phycoerythrin is 8 nm, the close approximation
between the two values supports the notion that the
upward shift of relative bandwidth is indeed related
to a change of the mechanism of retardation.

Irrespective of the mechanism of retardation in
polymer solutions, relative bandwidth is independent
of polymer concentration, presence or absence of
polymer in the solution, and remains constant in the
range of small lengths of injected zone (Fig. 5).
Thus, a contribution of the polymer to band spread-
ing can be neglected under the conditions used.

An anomaly observed in the present study which
deserves comment is the sharp rise of bandwidth at
very low values of the starting zone length which
occurs only in a relatively concentrated solution
(4%) of PEG (Fig. 5B). That rise in bandwidth
appears to be coincident with a lowering of mobility
values by about 20%. This suggests that possibly the
phenomenon which is unexplained at present may be
susceptible to future analysis upon the availability of
sufficient bandwidth, band shape and mobility data
in the range of interest.

5. Conclusions

CZE of R-phycoerythrin shows that bandwidth
under the conditions used cannot be accounted for by
diffusion, Joule heating or the conductivity differ-
ence between solute and solvent. It is therefore
assumed to be due to the interaction of the analyte
with the inner wall of the capillary. The finding of
increased bandwidth with decreased length of the
starting zone is shown by mathematical modeling to
support that assumption. The presence of polymer
(polyethyleneglycol) in the buffer does not affect
bandwidth unless the size of the analyte exceeds the
average mesh size of the polymer network.

6. Appendix: Kinetics of CZE with a non-local
initial concentration

Our analysis is based on the assumption that the
protein concentration satisfies a linear diffusion
model for motion in a field. Let c(xf) be the
concentration at x at time ¢, which accordingly
satisfies:
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T *‘x——uE— (A1)

with D the diffusion constant, p the mobility and E
the electric field. The end of the channel is at x=L
from which point the protein is eluted. Therefore Eq.
(A.1) is to be supplemented by the boundary con-
dition ¢(L,t)=0. In the analysis, it is convenient to
work in dimensionless units by defining a dimension-
less time 7 and a dimensionless distance y by:

T7=uEt/L, y=x/L (A.2)
which transforms Eq. (A.1) to:

dc 8’c  dc
€5 — o (A.3)

ar ay> 9y
in which e=D/(uEL) is a dimensionless diffusion
constant. In the set of units in Eq. (A.2) the elution
point is y=1 so that ¢(1,7)=0.

To study the effects of the non-local initial
condition we assume that it is uniform over an
interval, therefore having the form:

I, 0=sy=#
0=y geye (A4)

where € is the fraction of the channel initially
occupied. Consider a protein molecule initially at
y=£&=0. The probability that it is eluted at a time
between 7 and 7+d7 will be denoted by j(7|£)dr
where j(7|£) is related to the concentration by:

. dc A
jaley=—ezo| | (A5)
it being understood that c(y,7) is to be found as the
solution to Eq. (A.3) subject to the initial condition
c(¥,0)=38(y— &) where 8(z) is a delta function. The
amount of protein leaving the channel per unit time
is equal to the flux, a quantity to be denoted by
J(T|0). This, in turn, is related to the concentration
by:

g
J(716) =j jrlé)dég (A.6)
0

The solution to Eq. (A.3) subject to the indicated
initial condition and the absorbing boundary point at

y=1 is found using standard techniques in the theory
of partial differential equations. One finds:

w2 (e

D= e 4er
2 _ _ 2
el | S

The combination of Egs. (A.5) and (A.7) then yields
an expression for j(7|£) of the form:

i 1-¢ [(1—§—r>2]
J(Tlf) = \/4-7:7_3 EXp | — der (A.8)

An integration of this expression according to Eq.
(A.6) leads finally to:

1—6-7°

st =\ fewo | -S|
(1—171)° 1 1—7
e 4er +5[erf( 467‘)

=]

(A.10)

The detected bandwidth must he calculated numeri-
cally from Eq. (A.9).
Fig. 6 illustrates the non-monotonic variation of

1000(W-W__}

|

\'\

0.00 0.02 0.04 0.06 0.03 0.10
[}

Fig. 6. A curve of bandwidth as a function of starting zone length
generated from a model based on diffusion theory.
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the bandwidth at the detector (W) plotted as a
function of #. The ordinate is arbitrary since, in
physical units, it will be proportional to uE which
can take any value. Therefore the curve, as dis-
played, is plotted as a function of 1000(W—W_.)
where W__  is the minimum bandwidth. In calculat-

ing the curve we have used the physically realistic
value € =0.005.
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