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% To: HIF Note Mailing List
From: John Barnard ,
~——— Subject: Implications of Pulser Voltage Ripple

In a recent set of measurements obtained by G. Kamin, W. Manning, A. Molvik, and
J. Sullivan, the voltage waveform of the diode pulser had a ripple of approximately +1.3%
of the 65 kV flattop voltage, and the beam current had a larger corresponding ripple of
approximately +8.4% of the 1.5 mA average current at the location of the second Faraday
cup, approximately 1.9 m downstream from the ion source. The period of the ripple was
about 1 ps. It was initially unclear whether this large current ripple was in fact a true
measurement of the current or a spurious measurement of noise produced by the pulser
electronics. The purpose of this note is to provide simulations which closely match the
experimental results and thereby corroborate the physical nature of those measurements,
and to provide predictions of the amplitude of the current ripples as they propagate to the
end of linear transport section. Additionally analytic estimates are obtained which lend
some insight into the nature of the current fluctuations and to provide an estimate of what
the maximum amplitude of the current fluctuations are expected to be, and conversely
what initial ripple in the voltage source is allowed, given a smaller acceptable tolerance on
the line charge density. '

Simulations

1D HINJ simulations were carried out using the pulser voltage waveform that was
obtained on 4 September 1996. The waveform was cutoff at 10 ps to afford a reasonable run
time. HINJ is described in ref. 1. In these calculations, a greens function solution is used
for particles within an ideal 1D (z) diode, but outside of the diode the fields are calculated
using a particle-in-cell formalism, using the modified Poisson’s equation described in ref.
1. On passage from the diode to the matching section the beam passes through a circular
aperture reducing the current to 15 to 20% of the original current. This fraction is treated
as a free parameter to match the dc component of the current pulse at a Faraday cup
and for these runs is given by .177. In figure 1 we show, the beam current and energy
at two Faraday cup locations (z = 0.67 m and z = 1.89 m), and the current and voltage
supplied by the pulser at z = 0. Figure 2 shows an enlargement of the experimentally
measured pulser voltage plot. Note that poor voltage resolution leads to some uncertainty
in the exact amount of the energy ripple. Figure 3 shows a composite of both the HINJ
simulation and experimental current measurement at the location of the second Faraday
cup. In order to obtain good agreement of simulation with experiment, the time coordinate
was shifted by 0.2 us. This is believed to be due to a combination of a delay time between
application of the voltage across the diode and measurement at the voltage monitor, and
also a possible higher energy input to HINJ relative to the experiment. Given these caveats,
the HINJ simulations show a relatively good agreement with the experiment suggesting
that the current measurements are not the result of spurious noise signals. Finally, Figure
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4 shows a HINJ prediction of the waveform at the end of the magnetic tféﬁéport section,

~nearly 5-m from the source._ The amplitude of the fluctuations-is approximately +25% of —
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the average beam current, a value that is larger than is desired for insertion into the ring.

Estimate of Density Ripple Growth

The measurements indicate a quasi-sinusoidal voltage variation of amplitude 830
V about the nominal 65 kV flattop, corresponding to a fractional beam energy varia-
tion 6E/Ey = £0.013. The corresponding longitudinal velocity perturbation is év/vg =
4+0.0065, where the nominal velocity of the potassium ion beam (mass 39) at 65 keV is 5.7
x10° m/s. '

We assume a voltage ripple applied to the diode at z=0 of the form
V(z=0,t) = Vo + 6V sinwt (1)
giving rise to a ion velocity satisfying,
v(z =0,1) vy + 5v sinwt - (2)

Here 6V/V = 26v/v. Also, w = 6.3 x10°® rad/s is the angular frequency of the 1 us voltage
ripple. The spatial length between a peak and a trough in the velocity wave I, (which is
the half-wavelength of the perturbation), is initially given by I, = wvo/w = 0.27 m. One
characteristic distance z, is the propagation distance for the velocity shear in the sinusoidal
perturbation to cause the peak to catch up with the trough. The distance z, is the length
over which wave steepening would become very apparent. If space charge forces can be
neglected, z, can be expressed as

Vo lp

23_25v=22m (3)

Since the second Faraday cup is only located approximately 1.9 m downstream of the
source, wave steepening should not be apparent. However, the change in [, over 1.9 m
is perceptible, giving rise to a perceptible density perturbation.. The change in the half-
wavelength 61, is approximately 2 (§v/vq)z, where z is the longitudinal distance from the
source. Assuming the fractional change in the line charge density éA/)\ is the same as the

fractional change in [, we find,
oX ol 260 (w2
R (%) “

At the second Faraday Cup at z = 1.9 m this corresponds to §A/)\y = 0.087, roughly

in agreement with the observed fractional current perturbation amplitude of 0.084. (In

general, the fractional current perturbation 61/Ip = §\/Ao+6v/vo. As-will be shown §v /vy

is usually much smaller than §A/ ¢, so we have neglected the 6v/vg term, in this comparison -
of the fractional line charge perturbation with the fractional current perturbation.)
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—Better Estimate of Ripple Growth

To obtain, a somewhat better estimate of the growth of current ripples, as well as es-
timate the requirement on the voltage pulser to deliver a specified current ripple tolerance,
we may resort to the 1-D fluid equations (see, e.g. ref. 2). The continuity and momentum
equations may be expressed as:

ox  O(i)

Bt + 8z 0 (5) .
Ov ov ¢
5 + ’U'a—z = "T;Ez (6)

Here ¢ is the ion charge, m is the ion mass, and E, is the longitudinal self electric field
produced by fluctuations in the line charge density A, assumed to be in the long wavelength
limit (see, eg. ref.[3]), '

o
Ez = —g'a—z' (7)

where g = In(b/a)/27eo is the usual g-factor, b/a is the ratio of the pipe radius to average
beam radius, and € is the free space permittivity. We may linearize equations (5) and (6)
by letting A = Ag + A; and v = vy + v; where subscript 0 indicates equilibrium quantities
and 1 indicates perturbed quantities. The linearized fluid and momentum equations are:

D . BN, Ov |
o T T =0 (®)
l ‘ 6’01 3’01 . —q 3)\1 k
5 TS =9, )

Transforming to the comoving frame where z' = z — vt and t' = ¢, yields the simpler set:

3)\1 8'01
ERRr i 10
8’01 q 6)\1
o Tm e )

Taking the partial derivative of eq. (10) with respect to ¢ and the partial derivative of eq.
(11) with respect to z and combining yields (see e.g. ref. 5):

82)\1 q 82)\1

A (12

We define a space charge wave speed c, = (ggho/m) /%, and identify eq. (12) as the wave
equation, with general solution (ref. [2], see also ref. [6]):

A1 = Ao [fr(2' — cst') + fr(2' + cst')] (13)
vy = ¢ [fr(Z' — cst') — fr(2' + cst')] (14)

-3



—Here fr(z) and jr(z) are arbitrary functions of the argument z, representing right and

~left traveling waves in the beam frame. Transforming back into the lab frame the solution

becomes:

A= Ao [fr (2 — (vo + ¢s)t) + fr(z — (vo — ¢cs)t )] (15)
v1 = ¢ [fR (2 — (vo + ¢s)t) — fr.(z — (vo — ¢s)t)] (16)

To complete the solution we need to specify the boundary conditions at z = 0. Although
we are primarily interested in the effects of small errors in voltage across a diode, it is also
of interest to examine the effects of voltage errors across an induction gap, which have
slightly different boundary conditions. Voltage perturbations across a diode give rise to
current and velocity variations, whereas voltage perturbations across an induction gap give
velocity variations but no current variation. Note that z = 0 corresponds to the location
of the end of the diode, for diode voltage perturbations, and it corresponds to the center
of an induction gap for induction gap voltage perturbations.

Boundary conditions for voltage variations across a diode. If the characteristic
timescale of the perturbations is much longer than the transit time through the diode,
then the steady-state Child-Langmuir law is valid for which the current I o« V3/2. Thus
Li/Iy = (3/2)V1/Vh. Also, since ¢V = (1/2)mv?, vy /vy = (1/2)V;/V,. Finally, since
I = dv, it follows that Ay /Ao = I /Iy — vy /ve. = V1 /V}.

Boundary conditions for voltage variations across an induction gap. When the
beam passes through an induction gap (of zero width) with a voltage perturbation, charge
conservation requires that the instantaneous current be the same on both sides of the gap,
so that I; /Iy = 0. However, as in the case of the diode perturbation, there is a velocity
perturbation satisfying vy /ve = (1/2)V1/Vs, and therefore A1 /Ag = —(1/2)V1/Vb.

We let Vi(z = 0,t)/Vo = ¢(t). At z = 0 the boundary conditions for both the diode

and induction gap can be combined into a single pair of equations:

Vo

v = —g(t) (17)
A1 = adog(t) | : (18)
where
o= {—% induction gap (19)
1 diode

Applying these boundary conditions to egs. (15) and (16), allows us to solve for the general
functions fr(z) and fr(z):

) =3 (a+ 2 ) o (25) (20

N e
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__So ’ﬁhemsolu--tion—,fer-aall*z.f,fftfwhich~s_at_is-.fy.;-tghe—b.woundafy-condi-tions at-z=0.is:

A 1 Vo z 1/ v Tz o
A2 2o 2 Vii(a=2 Vg (t-—2 22
vos(ora)i(mia) e m)i - my) @
vy 1 Vo z 1 v 2z ‘
oz 2o % Va2V (t- 2 23
2oalrs)s(omim) i () mt) @
Also, we may calculate Iy /Iy:
i 1 1 wes vy z
2z it =
T 2<°‘+2+ % +2cs>g( (vo+cs)>
1 1 ac, Vg z
s L Y P 24
'+2 (a—l—2 Vo 2c3>g( (vo—c3)> ' (24)
(When a = —1/2, we recover the same leading coefficient in eq. (2) of ref. 6). We now let

Vi/Vo(z = 0,t) = ¢(t) = 2(6v/vo) sinwt. Using the approximation that
1/(vo £ es) = (1/v)(1 :F!!m}gg, equations (22) through (24) yield:

sl |
A ) .
Xé &~ - <cos[w(t - i—)] sin %z + 201;6)—;- sinfw(t — ;—0)] cos L:)Cg z) (25)
5 e,
e Dt D)

b8l a0 (o) [wo(t — =)] sin 522
ID = s (% o Ccos|w 1 )

Vo Vg

+(2d + 1)-6—8- sinfw(t — i)] cos wc; z> (27)

Vo Vo )
Note that in equations (25) through (27) the first term in each equation is the dominant one
and is of order év/c;. Thus current perturbations eventually grow to the level of év/cs,

which is usually much larger than the initial fractional voltage perturbation §V/Vy =
26v /vy since usually ¢, << vg.

Now we may calculate some of the quantities of interest using the parameters of the
recirculator beam. For b/a & 1.9, the space charge g-factor is ¢ = 1.16 x 10'° V/C. The line
charge density A\g = 2.6 X 107° C/m for the 65 keV, 1.5 mA potassium beam. The space
charge wave velocity can be expressed in terms of the perveance K = g\o/(2megmuv?):

q 1/2 b 1/2
Cg = (—,n;g/\o> = Vg (K]Il'a) : (28)
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For the parameters above, ¢, = 8.7 X 10° m/s. This compares with a perturbation velocity

-~ by = 3.5-%-10% m/s; - which-yields-the ratio:- e

IR

S

0.42 (29)

As noted earlier, the maximum amplitude of the line charge density is given roughly by eq.
(29). This maximum amplitude in the line density is reached when the argument of the
sine in in the first term of eq. (25) approximately equals 7 /2, i.e when z & z) 4, Where

'ﬂ’Ug

z)\maz

= 30
2wceg ( )
For the parameters above z,,,, = 9.3 m. (If voltage corrections are made to the pulse at

a point down the beamline, it was found in ref. [6] that zymqs is the maximum distance

allowed before space charge effects make it practically difficult to remove such voltage
errors.)

Having such large density perturbations as implied by eq. (29), could have serious
consequences in the beam transport through the recirculator. If we allow maximum density
perturbations (6A/Ag)maz Of, say, a few per cent then a relevant question is “what is the
maximum allowed energy ripple (6E/Ey)mqa.?" Since

OF __' v _ Cg bv . , 1/2 6\ .
(E> mazc =2 (TU—O_> mazx B Yo (Z) maz =2 (Ii ln(b/a)) <)‘0 ) mag ’ (31)

we find that the required (6E/Eq)mqs for our parameters is about 0.03 (6A/Ao)maz, OT
about 1.5 X102 for a 5% allowed line charge perturbation. This is a somewhat more
stringent energy variation requirement than had been given in our original injector specifi-
cations given to Titan Beta (ref[4]). (We originally had specified & 0.5% energy variation.) |
Note also that since the small recirculator perveance is only a factor of ~ 3 smaller than
the LBNL ESQ injector perveance, with similar values of Inb/a, we find that the allowed
energy ripple is smaller by a factor of 1.7 than the allowed ripple for the LBNL ESQ in-
jector, assuming the same allowed current variation. For completeness we note (see e.g.
refs [7] and [8]) that pulse compresssion sets an independent requirement on the energy
flatness, to insure acceptable chromaticity through the final optic.

Comparison of Experiment, Simulation, and Theory

Table 1 shows a comparison of measured and calculated values of current and energy
perturbations at the indicated z locations. For the experiment and simulation, we have
estimated half the peak to trough difference for the second apparent sinusoidal ripple
in the data. The theory is obtained using egs. (25) through (27), @ = 1, and using
SE/E = 26v/vy. Although in qualitative agreement, the theory and simulation predict
a larger current perturbation than is experimentally observed. This may be due to the
poor resolution of the digitized voltage waveform which is used as input to both HINJ

-6 —



cons1stent Wlth the d1g1t1zat10n of the Waveform
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z=0

First Faraday cup
z=0.67m

2nd Faraday Cup
z=1.89 m

End of Magnetic
Transport Section
z=4.86 m

Comparison of Experiment, Simulation and Theory =~

Experiment HIN Theory
Ally. AE/E, Allly AE/E, Al AE/E,
0.013 | ~.02 | 0.013 | 0.0195| 0.013
0.067 | 0.013 | 0.067 | 0.013
0.084 0.133 | 0.013 | 0.151 | 0.012
0.250 | 0.0065 | 0.321 | 0.0091

Table 1.






