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Abstract
We formulate the design of a UED-oriented RF gun

as a constrained longitudinal-dynamics problem and ob-
tain a nonuniform 2.33-cell S-band solution with con-
trolled longitudinal dispersion. The representative solution,
(0.4, 0.93, 1), operated near 45 MV/m, brings the phases of
maximum energy gain and minimum time of flight (TOF)
into near coincidence and thereby yields a well-defined
gun dispersion. For the GPT tracking reported here, the
beam at the gun exit has a kinetic energy of 3 MeV, an rms
bunch length of 100 fs, a charge of 0.1 pC, and a normal-
ized emittance of about 10 nm · rad. With a matched Double
Bend Achromat (DBA) beamline, the bunch is compressed
to 940 as rms with 10 fC charge at the sample. For RF-
amplitude, RF-phase, charge, and magnet-field jitters of
0.05%, 0.2 ps, 3%, and 0.01% rms, respectively, the sample-
plane arrival-time jitter is 600 as rms; source-only scans give
518 as rms from amplitude jitter and 167 as rms from phase
jitter. These results show that the proposed model provides
a direct route to RF guns specifically suited for attosecond
UED.

INTRODUCTION
The temporal resolution of MeV ultrafast electron diffrac-

tion (UED) is limited jointly by the bunch duration and the
shot-to-shot arrival-time jitter [1]. In present MeV UED
beamlines, the RF gun remains one of the dominant sources
of timing noise. The widely used 1.6-cell photoinjector was
originally developed for FEL injectors and is highly effec-
tive for producing low projected energy spread, but its exit
momentum and time of flight are not cleanly correlated [2].
As a result, RF phase and amplitude fluctuations are read-
ily transferred into timing jitter. Downstream isochronous
transport can compensate part of the momentum-dependent
timing variation [3, 4], but a design principle for an RF gun
specifically aimed at UED has remained lacking.

This work addresses that gap. We formulate the design
of a UED-oriented RF gun as a constrained longitudinal-
dynamics problem. The target is not minimum energy spread
alone; rather, the gun is required to operate near a phase at
which maximum energy gain and minimum TOF nearly
coincide, so that the gun exit acquires a clean momentum–
TOF correlation and admits a characteristic dispersion 𝑅𝑔

56.
The model naturally yields a nonuniform 2.33-cell solution.
We then analyze its longitudinal response, compare it directly
with the conventional 1.6-cell gun, and verify with a DBA
beamline that the resulting source supports attosecond-level
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compression and sub-femtosecond timing stability at the
sample.

THEORETICAL MODEL
We formulate the RF-gun design as a constrained

longitudinal-dynamics problem. For an 𝑁-cell gun, the cell
lengths are written as

𝐿𝑖 = 𝛼𝑖
𝜆
2 , 𝐿(𝛼) =

𝑁
∑
𝑖=1

𝐿𝑖, (1)

where 𝛼𝑖 is the dimensionless cell-length parameter and
𝜆 = 𝑐/𝑓 is the RF wavelength. Let 𝐸0 denote the peak
accelerating field and 𝜙0 the launch phase at the cathode.
With 𝜓(𝑧) = 𝜔𝑡 − 𝑘𝑧 + 𝜙0, the longitudinal dynamics is
governed by

𝑑𝛾
𝑑𝑧 = 𝑒𝐸0

𝑚𝑐2 𝑢(𝑧; 𝛼) sin 𝜓, 𝑑𝜓
𝑑𝑧 = 𝑘 ( 1

𝛽 − 1) ,

𝑑𝑡
𝑑𝑧 = 1

𝑐𝛽,
(2)

which define the exit kinetic energy 𝑊(𝛼, 𝐸0, 𝜙0) =
𝑚𝑐2[𝛾(𝐿) − 1] and the time of flight 𝑇(𝛼, 𝐸0, 𝜙0) = 𝑡(𝐿).
The design condition is imposed at a common operating
phase 𝜙∗ by

𝑊(𝛼, 𝐸0, 𝜙∗) = 𝑊∗,
𝜕𝜙𝑊(𝛼, 𝐸0, 𝜙∗) = 0,
𝜕𝜙𝑇(𝛼, 𝐸0, 𝜙∗) = 0.

(3)

For the present design we consider a three-cell structure,
𝛼 = (𝛼1, 𝛼2, 𝛼3). Three cells are sufficient to separate the
three physical roles required here: the first cell controls the
early nonrelativistic phase slippage, the second cell adjusts
the transition into the high-energy regime, and the third cell
provides the final near-relativistic energy gain. The first cell
is shortened because the beam is still far from relativistic im-
mediately after emission, so the phase advance accumulated
there has the largest leverage on the relative location of the
maximum-energy and minimum-TOF phases. The second
cell is retained close to a full cell and only weakly tuned,
because its role is to compensate the phase-slip change intro-
duced by the shortened first cell while preserving efficient
acceleration and field balance. The third cell is fixed as a
standard full cell, 𝛼3 = 1, since by that stage the beam is al-
ready near relativistic and the cell contributes mainly stable
energy gain, with little further leverage on phase alignment.

With 𝛼3 fixed, the problem remains underdetermined
because the unknowns still include (𝛼1, 𝛼2, 𝐸0, 𝜙∗). We
therefore introduce the closure functional

𝐽(𝛼1, 𝛼2, 𝐸0) = 𝐸2
0 + 𝜇(𝛼2 − 1)2, 𝜇 > 0, (4)
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which favors lower operating field and a second cell remain-
ing close to a standard full cell. For the target exit energy
𝑊∗ = 3 MeV, the representative solution is (𝛼1, 𝛼2, 𝛼3) ≈
(0.4, 0.93, 1) with 𝐸0 ≈ 45 MV/m, and the operating phase
is located in the high-phase region near 65°. This solution is
not an arbitrary geometric choice; it is the compact configu-
ration in which low-energy phase slippage, high-energy gain,
and TOF stationarity become simultaneously compatible.

Following the one-dimensional approximate treatment
of Kim [5], we further retain the reduced phase-slippage
description associated with the shortened first cell. Defining

𝑢1(𝜙0) = 𝑒𝐸0𝐿1
𝑚𝑐2 sin 𝜙0, 𝑡1 = 𝐿1

𝑢1𝑐√𝑢1(2 + 𝑢1), (5)

and

Ψ1(𝜙0) = 𝑘𝐿1
√𝑢1(2 + 𝑢1)

𝑢1
, (6)

where Ψ1 denotes the phase advance accumulated across
the shortened first cell, the high-energy operating phase is
obtained from

(Ψ1 − 𝜙∗
a) sin 𝜙∗

a ≃ 𝑚𝑐2𝑘
𝑒𝐸0

. (7)

For 𝑓 = 2.856 GHz, 𝐸0 ≈ 45 MV/m, and (𝛼1, 𝛼2, 𝛼3) ≈
(0.4, 0.93, 1), Eq. (7) yields the high-energy branch 𝜙∗

a ≈
65°, consistent with the operating phase obtained from the
global constrained formulation.

At the same level of approximation, the whole-gun energy
is estimated by

𝐾a ≃ 𝜂gun 𝑒𝐸0𝐿tot sin 𝜙∗
a , 𝐿tot = 𝐿1 + 𝐿2 + 𝐿3. (8)

Here 𝜂gun is the transit-time/envelope factor of the standing-
wave field, not a fitted normalization. In a simplified TM010-
envelope model, a synchronous particle samples the axial
field as | cos(𝜋𝑧/𝐿tot)| rather than as a flat field, so

𝜂gun ≃ ⟨∣cos 𝜋𝑧
𝐿tot

∣⟩ = 1
𝜋 ∫

𝜋

0
| cos 𝜃| 𝑑𝜃 = 2

𝜋.

Thus 𝐾a ≃ (2/𝜋)𝑒𝐸0𝐿tot sin 𝜙∗
a . For 𝐸0 ≈ 45 MV/m, 𝐿tot ≈

0.1223 m, and 𝜙∗
a ≈ 63°, this gives 𝐾a ≈ 3.1 MeV, close to

the field-map/GPT value of about 3 MeV; finite-cell balance,
fringe fields, and nonrelativistic phase slippage account for
the residual difference.

LONGITUDINAL DISPERSION OF THE
2.33-CELL RF GUN

The representative solution obtained from the theoreti-
cal model is a nonuniform 2.33-cell S-band RF gun with
(𝛼1, 𝛼2, 𝛼3) ≈ (0.4, 0.93, 1), operated near 𝐸0 ≈ 45 MV/m.
All particle-tracking simulations in this work were per-
formed with the General Particle Tracer (GPT) [6] code.
The defining longitudinal property of this gun is the near
coincidence of the phases for maximum energy gain and
minimum time of flight (TOF).

Figure 1 shows the on-axis field profile together with the
phase dependence of the gun-exit beam properties. The
shortened first cell shifts the phase slippage while the beam
is still nonrelativistic, where the TOF is most sensitive to
the launch phase. The second cell, kept close to a full cell,
compensates the resulting phase displacement and restores
efficient acceleration without undoing the phase alignment
established upstream. The third cell remains a standard full
cell because, once the beam is near relativistic, its main
role is to provide stable final energy gain rather than further
reshape the phase-slip dynamics. As a result, the phase of
maximum gun-exit energy is driven toward the phase of
minimum TOF. For the present gun, both occur in the high-
phase region around 63°, where the beam exits the gun at
about 3 MeV. This near coincidence is the central longitudi-
nal feature of the 2.33-cell gun: the beam is accelerated at
the phase where the gun TOF is simultaneously extremized,
so energy and timing cease to vary independently near the
operating point.

Figure 1: Longitudinal response of the nonuniform 2.33-
cell RF gun: (a) on-axis accelerating field, and (b) phase
dependence of gun-exit energy and TOF. The maximum-
energy and minimum-TOF phases coincide near 63° and
3 MeV.

Figure 2 compares the gun-exit timing response of a con-
ventional 1.6-cell gun and the present 2.33-cell gun un-
der RF phase jitter of ±0.2 ps and RF-amplitude jitter of
±10−3. In the 1.6-cell gun, the phase of maximum energy
and that of minimum TOF are separated, so the gun-exit
TOF and momentum do not form a unique correlation. The
blue circles represent amplitude perturbations at fixed RF
phase: for a given launch phase, increasing the RF amplitude
changes both the beam momentum and the TOF, yielding
an amplitude-defined local slope. The red squares represent
phase perturbations at fixed RF amplitude: the beam energy
changes only weakly, whereas the TOF varies substantially.
Under simultaneous amplitude and phase perturbations, the
cloud therefore spreads in two partially independent direc-
tions, showing that the 1.6-cell gun does not admit a cleanly
defined gun dispersion.

In the 2.33-cell gun, by contrast, the near overlap of the
maximum-energy and minimum-TOF phases collapses the
gun-exit response onto an almost one-to-one energy–TOF
curve. Both amplitude and phase perturbations are funneled
onto the same longitudinal correlation, so the gun can be
characterized by an effective longitudinal dispersion,

Δ𝑡𝑔 ≃
𝑅𝑔

56
𝑐 𝛿, 𝛿 = Δ𝑝

𝑝 , (9)
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with 𝑅𝑔
56 ≈ −2.1 cm. In this regime the first-order sensitivity

to RF phase fluctuations is strongly reduced, whereas the
residual timing variation remains predominantly amplitude
driven and directly correlated with beam momentum.

Figure 2: Gun-exit TOF versus relative energy deviation
under RF phase jitter of ±0.2 ps and RF-amplitude jitter of
±10−3. The 1.6-cell gun gives separated phase and ampli-
tude responses, whereas the 2.33-cell gun collapses them
onto an almost one-to-one curve, defining an effective 𝑅𝑔

56.

SIMULATION RESULTS
Following the DBA concept of Ref. [7], the downstream

transport is matched to the gun-defined longitudinal state
through

𝑅tot
56 = 𝑅gun

56 + 𝑅u
56 + 𝑅DBA

56 + 𝑅d
56. (10)

When 𝑅tot
56 ≈ 0, the momentum-dependent timing modula-

tion generated at the gun exit is compensated by the down-
stream transport. This condition is meaningful only because
the 2.33-cell gun provides a clean momentum–TOF correla-
tion and therefore a well-defined 𝑅gun

56 .
Figure 3 shows the cathode-to-sample timing response

of the 2.33-cell gun matched to the DBA transport. Panel
(a) gives the beam energy, with the white dashed contour
marking 3 MeV. Panel (b) gives the relative cathode-to-
sample TOF, and panels (c,d) give the TOF sensitivities to
RF amplitude and phase. The vertical green line in panel
(c) coincides with the 3 MeV contour in panel (a), showing
that the isochronous condition is fulfilled at the updated gun
energy. In panel (d), the green dashed line is the phase of
minimum cathode-to-sample TOF for each RF amplitude,
while the red dashed line denotes the nominal amplitude
condition. Their intersection defines the updated operating
point, 𝐸0 = 45 MV/m and 𝜙0 = 63°.

The local sample-plane timing jitter is obtained from
the two sensitivity maps as 𝜎𝑡,𝑠 ≃ [(𝜕𝑇𝑠/𝜕𝐴 𝜎𝐴)2 +
(𝜕𝑇𝑠/𝜕𝜙 𝜎𝜙)2]1/2. Figure 4 uses 𝜎𝐴/𝐴 = 0.05% and a
phase jitter of 0.2 ps (≃ 0.21° at 2.856 GHz). Near 45 MV/m
and 63°, the calculated jitter is below 1 fs; even for about
3 × 10−3 energy offset it remains within several femtosec-
onds.

For the GPT tracking reported here, the beam at the gun
exit has a kinetic energy of 3 MeV, an rms bunch length
of 100 fs, a charge of 0.1 pC, and a normalized emittance
of about 10 nm · rad. Using the DBA transport parameters
following Ref. [7], the beam is compressed to 940 as rms at
the sample with a remaining charge of about 10 fC. Under
RF-amplitude, RF-phase, charge, and magnet-field jitters of

Figure 3: Cathode-to-sample timing response: (a) energy,
(b) relative TOF, (c) amplitude sensitivity, and (d) phase
sensitivity. The white dashed line in (a) marks 3 MeV.

Figure 4: Calculated sample arrival-time jitter versus RF
amplitude and launch phase. The nominal operating point
lies in the sub-femtosecond region.

0.05%, 0.2 ps, 3%, and 0.01% rms, respectively, the sample-
plane arrival-time jitter is 600 as rms. When the source
jitters are scanned independently, the timing jitter is 518 as
rms from RF-amplitude jitter alone and 167 as rms from
RF-phase jitter alone.

The local maps show that the residual sample-plane timing
noise is mainly amplitude-driven, while the phase-driven
term stays secondary because the gun operates close to the
common maximum-energy and minimum-TOF phase. The
matched transport therefore acts on a well-defined source
dispersion rather than on two decoupled RF responses.

CONCLUSION
This paper addresses attosecond MeV-UED source design

by introducing a 2.33-cell RF gun with controlled longi-
tudinal dispersion. Operating the gun near the common
maximum-energy and minimum-TOF phase yields a clean
gun-exit 𝑅𝑔

56 at 3 MeV; with the matched DBA, a 100 fs
source is compressed to 940 as rms with 600 as rms sam-
ple arrival-time jitter. These results support controlled gun
dispersion as a practical route toward attosecond UED beam-
lines.
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