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Neutralized drift compression offers an effective means for particle beam focusing and current

amplification with applications to heavy ion fusion. In the Neutralized Drift Compression eXperi-

ment-I (NDCX-I), a non-relativistic ion beam pulse is passed through an inductive bunching module

that produces a longitudinal velocity modulation. Due to the applied velocity tilt, the beam pulse

compresses during neutralized drift. The ion beam pulse can be compressed by a factor of more than

100; however, errors in the velocity modulation affect the compression ratio in complex ways. We have

performed a study of how the longitudinal compression of a typical NDCX-I ion beam pulse is affected

by the initial errors in the acquired velocity modulation. Without any voltage errors, an ideal

compression is limited only by the initial energy spread of the ion beam, DEb. In the presence of large

voltage errors, dUbDEb, the maximum compression ratio is found to be inversely proportional to the

geometric mean of the relative error in velocity modulation and the relative intrinsic energy spread of

the beam ions. Although small parts of a beam pulse can achieve high local values of compression ratio,

the acquired velocity errors cause these parts to compress at different times, limiting the overall

compression of the ion beam pulse.

Published by Elsevier B.V.
1. Introduction

Longitudinal bunch compression is a standard technique used to
increase the beam intensity in various accelerators [1]. Previous
longitudinal drift compression analysis has studied the effects of
intrinsic beam momentum spread, plasma, and solenoidal final focus
conditions on compression [1,2]. Much focus has also gone towards
space-charge neutralization [1,3,4]. The kinematics of neutralized
compression drift is well developed [5]. Here, we focus on the most
important effect that limits the beam compression—the errors in the
voltage in the bunching module. This paper is a companion paper of
Ref. [6], which analyzes the general properties of the effects of errors
on longitudinal compression. Here, we apply the formalism devel-
oped in Ref. [6] to the analysis of the experimental data of the
Neutralized Drift Compression eXperiment-I (NDCX-I).
B.V.

: þ1 609 243 2418.

ich).
In neutralized drift compression the applied velocity tilt, Dvb,
slows down the head of the ion beam pulse and speeds up the tail of
the pulse so that the entire beam pulse compresses at a later time, tf,
at the target plane, lf. The velocity tilt is produced by an induction
bunching module. Ideally, the voltage profile of the induction bunch-
ing module is designed such that the entire beam pulse arrives at one
location at the focusing time. The corresponding beam velocity profile
is called an ideal tilt. In this case, the effects associated with a small,
non-removable intrinsic energy spread, DEb, would limit the com-
pression. Ref. [2] suggested several possible mechanisms for increas-
ing the energy spread, including two-dimensional effects in the diode
and collective effects due to the beam space charge. A detailed
numerical study of both effects was performed; the study made it
clear that neither mechanism leads to significant energy spread [6,7].
However, the longitudinal non-removable energy spread can be
caused by transit time effects in the bunching module. Due to the
time-dependant nature of the bunching module, the beam energy
acquired in the gap is not exactly equal to the potential drop inside
the gap. There are corrections due to transit time effects in the
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bunching module. For a gap of a few centimeters, the beam requires
25–30 ns to cross through the gap, i.e., about 10–20% of the
modulating waveform duration time (about 300 ns). Therefore,
transit time effects can be important. This correction to the beam
energy was calculated in Ref. [6]:

DEbðt,rÞ ¼ eVðtÞ 1�
eV 0ðtÞgwRw

2Ein
b vin

b

1�
r2

2b2

� �" #
: ð1Þ

Here, V(t) is the voltage on the bunching module as a function of
time t, Rw is the pipe radius, b� 2� 0:73Rw=

ffiffiffiffi
p
p
� 0:84Rw and

gwE0.33. A small radial variation of the electric field in the
bunching module leads to corrections to the energy change acquired
in the gap. A small variation of the beam energy as a function of
radius given by Eq. (1) is of order 0:1ðeVÞ2rb

2=Ein
b tpvbRw and can be a

very small fraction of the bunching voltage � (eV)/1000. However,
this energy spread is not removed during neutralized ballistic focus
(in contrast to the space charge beam self-potential, which is
removed during the transition to the neutralized region [6]) and
can give rise to effective ‘‘thermal’’ energy spread in induction
bunching modules. For example, DEb(r) is of order 100 eV for
NDCX-I parameters. Another mechanism can be voltage drift on
the ion source diode. For the NDCX-I experiment the measurements
of the energy spread give DEbo170 eV [8]. Therefore, below, we

assume that the beam pulse has non-removable energy or effective

‘‘thermal’’ velocity spread, which is not associated with ion source

temperature but rather due to imperfections of the accelerator system.

However, voltage errors in the induction bunching module are of the
order 1 kV and thus are primarily responsible for the limitation of
longitudinal compression.

Due to voltage errors and corresponding errors in the applied
velocity tilt, dvb, parts of the ion beam pulse arrive at different
times. The compressed beam pulse width at the target chamber is
of order lf¼dv btf, where tf is the drift time. This gives a pulse
duration of order Dvbtf =vin

b , where vin
b is the original velocity of

the beam determined by the initial beam energy. During the drift,
the head and tail of the pulse of duration, tp, approach the target
nearly simultaneously, i.e., the pulse length is lp � vin

b tp ¼Dvb tf .
Correspondingly, the compression ratio is of order [6]

C �
lp
lf
¼

vin
b tp

dvb tf
¼

Dvb

dvb
: ð2Þ

From Eq. (2), it is evident that the portion of the beam pulse
with the smallest errors contributes most to the compression. If
the velocity errors are much smaller for the fraction of the pulse,
dtp, then the compression ratio is given by

C �
Dvbdtp

dvb tp
: ð3Þ

If beam velocity errors become so small that they are compar-
able to the ‘‘thermal’’ spread, then the compression ratio is
limited by the velocity describing energy spread, vT, i.e.

C �
Dvbdtp

vT tp
: ð4Þ

Correspondingly, the maximum compression ratio is deter-
mined by the condition that the largest fraction of the pulse
compresses with the smallest velocity errors. For example, for a
model of fast changing errors on a scale ter that is small compared
to the initial pulse width in the form Dvb ¼Dvb sinðt=terÞ, the
fraction of the pulse that compresses is given by dtpEter(4vT/
dvb)1/2 [6] and

C �
2Dvb

ðvT DvbÞ
1=2

ter

tp
: ð5Þ
Therefore, the maximum compression ratio is a function of
both the intrinsic velocity spread and the velocity errors in the
bunching module.

Using previously derived analytical formulas from Ref. [6] for
calculating the compression ratio of a particular velocity tilt,
together with particle-in-cell simulations, data from NDCX-I
experiments have been analyzed using a fully kinetic treatment.
It was found that the compression ratio is a function of both
errors in the applied velocity tilt and the initial energy spread of
the beam pulse.

This paper is organized as follows: Section II provides the basic
equations; Section III applies the results to the NDCX-I experi-
ment; and Section IV summarizes the conclusions.
2. Basic equations

In this section we provide a summary of the analytical
description of the longitudinal compression ratio, explained in
greater detail in Ref. [6]. First, we describe the compression ratio
without taking thermal effects into account. The beam acquires
velocity, vb(t), in the induction bunching module, where t
denotes the time at which the beam interacts with the bunching
module. The head of the pulse acquires velocity vb0�vb(0). The
parameter t can be viewed as a marker for a particular part of the
ion beam pulse, 0rtrtp, where tp is the duration of the pulse
that is expected to compress. The trajectory of a beam pulse at
time t, interacting with the bunching module at time t, is given by

zbðt,tÞ ¼ vbðtÞðt�tÞ ð6Þ

which represents the acquired velocity multiplied by the drift
time. An ideal trajectory has all parts of the beam pulse arriving at
the target plane at the same time, zb(tf,t)¼ lf, for all t. This
requires the ideal velocity tilt,

vi
bðtÞ ¼ vb0tf =ðtf�tÞ: ð7Þ

Note that vb0tf¼ lf, and by varying the parameters vb0 and tf,
different ideal velocity tilts can be chosen that would allow the
beam to compress at a certain location lf or time tf.

The longitudinal density is given by the ratio of the initial and
final separation of the beam slices: nbðt,tÞ ¼ nin

b 9dz0=dzb9, where
nin

b is the initial beam ion line density before the bunching
module. Substituting for zb(t,t) from Eq. (6) gives

nbðt,tÞ ¼
nin

b vin
b

9vbðtÞ�ðt�tÞdvbðtÞ=dt9
: ð8Þ

A convenient way to characterize the compression of the pulse
is to introduce the time to focus [6], ts(t), when different parts of
the ion beam pulse compress, or when neighboring slices of the
beam arrive at the same position. In Lagrangian coordinates, this
corresponds to a singularity in the beam line density profile given
by Eq. (8), which occurs at time

tsðtÞ ¼
vbðtÞ

dvbðtÞ=dt þt: ð9Þ

An ideal velocity tilt will have ts(t)¼tf for all t, which implies
that all parts of the pulse compress at the same time.

Another convenient way to examine the beam dynamics is by
plotting the beam pulse in phase-space coordinates, (z,vz). As the
beam moves through phase space, the velocity tilt that represents
the beam moves with it, becoming a vertical line when the beam
is compressed. Vertical lines in phase space correspond to peaks
in compression. To remove the singularity in Eq. (8), the com-
pression ratio has to be calculated by taking thermal effects into
account. The compression ratio is determined by counting
the number of particles that arrive at a certain location z, at
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Fig. 1. Plots of experimental voltage waveform of the NDCX-I induction bunching

module [13] as a function of time and the ideal voltage waveform needed to
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time t [6], i.e.

nbðz,tÞ ¼

Z t

�1

vin
b dt

Z 1
�1

dvf ðvÞDðz�zbðt,tÞ�vtÞ ð10Þ

where f(v) is the initial velocity distribution function of the beam
ions. This formula allows the compression ratio to be calculated for
any applied velocity tilt. The maximum compression ratio for an
ideal tilt is obtained by comparing the initial pulse length, tpvin

b , to
the final spread, limited only by the intrinsic Maxwellian velocity
distribution of the initial pulse with mean velocity vT [6], i.e.

Ci
max ¼

tpvin
bffiffiffiffi

p
p

vT tf

: ð11Þ

For example, for NDCX-I parameters, the ion beam energy is
300 keV, and TbzC0:3eV, vT=vin

b � 10�3; and for a velocity tilt,
Dvb=vin

b ¼ tp=tf ¼ 0:15, tf�3 ms, tp�0.45 ms, and Eq. (11) gives
tf�3 ms, vbtp � 45cm,

ffiffiffiffi
p
p

vT tf � 0:4cm and Cmax¼110. For the
case of smaller TbzC0:05eV, we obtain Cmax¼255.

This can be compared to the compression ratio of a pulse with
voltage errors, dU. Here, the compression ratio is shown to be a
weak function of intrinsic ‘‘thermal’’ spread, vT, and the relative
error in applied energy dU/Eb [6] is given by

Cb
max �

tg
tf

vb0

vT DU=Eb

� �1=2

: ð12Þ

Here, tg is the characteristic temporal scale for a change in the
velocity errors. For NDCX-I, DU=Eb � 1=300, and tg � 300ns. This
gives a maximum compression ratio of about 60.

Note that a thermal equilibrium distribution in beam energy
corresponds to a Gaussian distribution in energy spread,
DEbEM(v�vb)vb, with

f MðDEÞ ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pTz=M
p exp �

ðDEÞ2

4EbTz

 !
:

Correspondingly, the standard deviation for the energy spread

is 2
ffiffiffiffiffiffiffiffiffiffi
EbTz

p
; the average dispersion of the energy spread isffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

/ðDEÞ2S
q

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2EbTz

p
; and the full width at half maximum of

the energy spread is 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EbTz lnð2Þ

p
. For example, for TbzC0:1eV

and Eb¼300 keV, the energy spread dispersion is 245 eV and the
standard deviation is 347 eV.

Based on the results of the experimental study in Ref. [8], the
upper bound of the beam energy spread is 100 eV (see Ref. [6]
Section II c 2 for a more complete discussion). Consequently, it is
assumed in the following analysis that Tbz¼Ti¼0.05–0.1 eV, and
that the value is determined by the ion source temperature.
3. Analysis of effects of voltage errors on longitudinal
compression ratio for NDCX-I experiments

The NDCX-I experimental configuration is well described in
several publications [9–12]. In these experiments, a potassium ion
beam with energy of about 300 keV passes through an induction
bunching module and then drifts through a neutralized drift
section about 3 m in length. As a result, part of the beam (about
500 ns) is compressed to a few ns. Experimentally-achieved
compression ratios range from 50 to 90, depending on the beam
energy and the target location. We have performed a detailed
analysis of the longitudinal compression ratio for the voltage
pulse waveform shown in Fig. 1, and a drift section with length
286.8 cm. The data is taken from Ref. [13]. We have found that the
maximum compression ratio can increase from 60 to 90 for
optimal beam energy, in agreement with the experimental data.
We have also analyzed other data sets and found results similar to
the data shown in Fig. 1.
As evident from Fig. 1, the experimental voltage waveform is
close to the ideal voltage waveform pulse starting at t0¼3.48 ms and
ending at t1¼4.07 ms for a total duration of tp¼0.59 ms. Therefore,
this part of the beam pulse is expected to compress. At the
beginning of the pulse, the beam head is decelerated from 270 kV
to 210 kV at t0¼3.48 ms, and accelerated from 270 kV to 348 kV at
the end of the pulse, at t1¼4.07 ms. Note that the voltage polarity
shown in Fig. 1 is such that a positive voltage corresponds to beam
deceleration. The ideal voltage waveform is given by

UðtÞ ¼
M

2
½vi

bðtÞ�
2�v2

bðt0Þ

n o
ð13Þ

where vi
bðtÞ ¼ vb0tf =ðtf�tÞ and t¼(t–t0). Here, we have assumed

the thin-gap approximation, in which the drift time through the gap
can be neglected. Corrections to the thin-gap approximation are
discussed in Ref. [6], and are mostly reduced to averaging the
voltage errors over the time scale of the drift through the gap:

VðtÞ-
Z 1
�1

Vðt0Þ
Wt

ffiffiffiffi
p
p exp �

ðt0�tÞ2

Wt2

" #
dt0:

The transit time, Dt, is b=vin
b ¼ 30ns, where b� 2� 0:73Rw=

ffiffiffiffi
p
p

and
Rw is the pipe radius [6].
3.1. Choosing parameters for an ideal voltage pulse

The applied voltage errors are at the level of several percent.
Therefore, the ideal voltage waveform parameters (tf and vb0, or
Eb0, the beam energy at the start of the beam pulse) can also be
chosen within several percent accuracy, as evident in Fig. 2. For
example, the choice of tf¼2.83 ms and Eb0¼210 keV corresponds
to a beam pulse compressed at vb0tf¼288.3 cm, in the limit of
ideal compression ratio without any errors. This compression
plane is slightly behind the target positioned at 286.8 cm. Choos-
ing tf¼2.679 ms and Eb0¼217 keV corresponds to the ideal beam
pulse compressed at the target location, vb0tf¼286.8 cm. Simi-
larly, the choice of tf¼2.77 ms and Eb0¼208 keV corresponds to a
compression plane located at vb0tf¼281 cm, just before the target
plane. The compressed beam profiles at different locations are
shown in Fig. 3.
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3.2. Spread of compression locations due to fast changing errors in

the voltage pulse

From Fig. 3 it is evident that the beam pulse compresses
significantly at different positions, which are spread over large
distances relative to the target plane. This behavior can be
explained by plotting the times when different parts of the beam
pulse compress according to Eq. (9), as shown in Fig. 4. The
compression time, or the time when neighboring slices of the
beam arrive at the same position, depends on the time derivative
of the voltage waveform. Therefore, small but fast-changing
errors result in large variations of the compression time of
different parts of the beam pulse. That is, 1% errors in the beam
velocity tilt can result in 10–20% variations of the compression
time, as evident from Fig. 4. A zoomed-in plot of the compression
ratio is shown in Fig. 5. It is evident from Fig. 5 that the
compressed pulse foot width is of order 10 ns due to the errors,
but the compressed pulse full width at half maximum can be
reduced to a few ns for optimum beam energy [compare
Fig. 5(a) and (b)]. Indeed, if there is an error in the beam velocity,
dvb, due to voltage errors, the beam pulse width at the target
plane is dvbtf.

Correspondingly, the beam pulse duration at the target plane
due to voltage errors of 1 kV for a 300 keV beam is Dvb tf =vb0

� 2:8ms=300� 10ns. For the optimum beam energy or target
location, the voltage errors are a factor of three smaller for this
part of the beam pulse (see Fig. 2), and the corresponding
compressed pulse width is reduced from 10 ns to 3 ns [compare
Fig. 5(a) and (b) or Fig. 3, for zt¼2.737 m and zt¼2.787 m].

3.3. Scaling of the compression ratio with reduced voltage errors

If the voltage errors are reduced, the compressed beam pulse
width is also reduced and the compression ratio is increased.
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The effect of reduced errors is shown in Figs. 6 and 7. Reducing
the errors by a factor of five only increases the compression ratio
by a factor of two (compare black and magenta curves in Figs. 6
and 7). This is in agreement with Eq. (12), which shows that the
compression ratio is inversely proportional to the square root of
the velocity errors and the intrinsic ‘‘thermal’’ spread, as shown in
Fig. 8.

3.4. Observation of multiple peaks and optimization of compressed

beam pulse by varying the beam energy

If the voltage profile is smooth, the beam compresses at an
optimal location, and then two peaks appear, corresponding to
compression in the head and tail [see Ref. [6]]. This is similar to
compression in klystrons; however, in the induction bunching
module with many separate pulsed elements, the fast-changing
voltage errors lead to the formation of multiple peaks. The
optimal compression corresponds to the case when a few major
peaks overlap, or equivalently, when voltage errors are minimized
for a few portions of the beam pulse. We demonstrate this by
analyzing the compression with an improved voltage pulse on
NDCX-I compared to the one shown in Fig. 1.
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NDCX-I improvements in the induction bunching module
reduced voltage errors; however, the errors are still of order
�1 keV. There is a portion of the pulse near the middle where the
errors are low, and this allows more of the pulse to compress at
the focusing time, thereby increasing the compression ratio and
reducing the pulse length. This can be compared with the middle
of the previous waveform, which did not compress with the rest
of the beam pulse, leaving a significant portion of the pulse
uncompressed.

The intrinsic ‘‘thermal’’ spread length is the mean drift length
of the ions due to the intrinsic thermal energy spread of the beam
pulse, 7vTtf. Fig. 10 shows that much of the pulse does not
compress within a distance 7vTtf, even for the time of optimal
compression. Errors need to be reduced by a factor of 10 to be on
the same order as the energy spread, �100 eV. Figs. 11 and 12
show that the pulse represented by the waveform in Fig. 9
compresses for a wide range of locations near the target plane.
The time to focus, ts, in Fig. 11 can be compared to the drift time,
t–t0, in Fig. 12.

The compression ratio profile in NDCX-I is measured using a
Fast Faraday Cup (FFC), which has a time-scale response of 1 ns
[13]. During the initial tuning process of the experiment, multiple
peaks are often observed before the final calibrations are made, as
shown in Fig. 13. The energy of the beam, Eb0, needs to be tuned
to ensure that the beam focuses at the target plane. However,
compression is still observed even before the final tuning,
indicating that the beam compresses over a range of target
locations.
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Fig. 14 compares simulated results with the results of the
experiment. Fig. 14(a) compares the optimal compression ratio
obtained from the analytical formulas with the optimal experi-
mental results. Fig. 14(b) compares the optimal results from the
experiment and the analytical formulas with the parameters,
beam energy and target location, which were used in the experi-
ment. The optimal results from the experiment more closely
resemble the optimal results from the simulations. This is because
the experiment is finely tuned in order to achieve the best results.
To accurately analyze the data, the simulated beam energies were
slightly varied to achieve the best results.

The results have also been simulated with the LSP particle-in-
cell code [10] and showed good agreement with simulated
compression ratio profiles obtained from the analytical formula
in Eq. (10) (performed in Mathcad). The results of both simula-
tions are identical, granted that both codes provide adequate
resolution. As was observed with the Mathcad simulations, the
results from the LSP PIC code simulations show that different
parts of the beam compress over a wide range of target locations,
as shown in Fig. 15. Fig. 16 compares the peak compression ratio
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ies at z¼2.846 m: (a) Eb0¼316 keV and (b) Eb0¼322 keV, as a function of drift time,

age waveform shown in Fig. 9. This is shown together with the results for three
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through the induction bunching module for the voltage waveform shown in Fig. 9.

The beam energy is 317 keV, and the energy spread, DEb, is 252 eV, where

Tbz¼0.1 eV.
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profile obtained from the LSP simulations with the experimental
results shown above. Fig. 17 compares the same LSP results with
the peak compression ratio profile simulated by Mathcad using
the same input parameters.
4. Conclusions

In this paper the NDCX-I experimental data for longitudinal
compression of the beam pulse has been analyzed. A typical
voltage pulse produced in the bunching module of NDCX-I is
shown in Fig. 1, along with the voltage errors. A voltage pulse in
the bunching module with amplitude of DUE100 kV results in
the beam pulse compressing from tp¼590 ns down to dtpE3.2 ns
during tf¼2.8 ms of the neutralized drift over 2.68 m. The voltage
error, dU, is in the kV range. The errors in the applied voltage are
much larger than the intrinsic energy spread, which is of order
100 eV, and they dominate the compression process.

For a 300 keV beam in NDCX-I, the spread in arrival time for
the entire beam pulse at the target plane due to voltage errors
and corresponding errors in the beam velocity, dvb, is Dtp ¼

tf Dvb=vb0 ¼ tf DU=Eb0 � 2:8ms=300� 10ns. However, at certain
locations, a fraction of the beam is compressed more tightly if
the voltage errors for this portion of the beam pulse are mini-
mized. For example, for NDCX-I parameters, it was shown that the
half-width of the compressed beam pulse can be reduced from
10 ns to 2 ns.

Improvements in NDCX-I voltage waveform reduce the voltage
errors and allow a larger fraction of the beam pulse to compress,
thereby increasing the compression ratio and reducing the com-
pressed pulse width. However, because voltage errors are still large,
different parts of the pulse compress over a range of times, causing
the pulse to be compressed for many target locations. The beam
energy can be optimized to reduce the errors of the applied voltage
waveform and obtain one single peak at the target. This corresponds
to the case when the applied voltage waveform can be approxi-
mated by an ideal voltage curve that compresses at the target plane
with smaller voltage errors for a larger fraction of the beam pulse.
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