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Seeding of SM

• Self-modulation can develop from noise 
or features in the longitudinal bunch
distribution

• SMI: We don’t control the initial 
conditions from which the instability
develops

• Self-modulation can also be seeded
• SSM: We define the initial conditions 

from which the instability grows

Seeding makes the timing of the 
microbunches – and thus the phase of the 
wakefields reproducible
➔ Key for deterministic injection
➔ Amplitude reproducibility of SM process 

is yet to be shown

Seeding also demonstrated in Livio’s PRL
• Preceeding electron bunch provides

initial wakefields
Seeding demonstrated in Fabian’s PRL 
• RIF: beam-plasma density onset drives 

initial wakefields

p+ e-
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Wakefield amplitude diagnostics

Plasma light

Transverse bunch profile

• We have no direct measurement of the wakefield
amplitude

• We can however look at indirect effect of the 
wakefields

• Plasma light emitted by wakefield dissipation
• Expectation that light is prop. to 𝑊²
• Only local at low bunch population

• Effect of transverse wakefields on the bunch
• Integrated over the prop. distance in plasma
• No visible halo at low bunch population
• Still, some effect on the transverse profile
• No expected dependency with 𝑊

Indirect diagnostics !



Plasma light results

𝑡𝑅𝐼𝐹 = 250 ps 𝑡𝑅𝐼𝐹 = 350 ps 𝑡𝑅𝐼𝐹 = 450 ps 𝑡𝑅𝐼𝐹 = 550 ps 𝑡𝑅𝐼𝐹 = 650 ps

• Plasma light emission along the plasma
• 5 different RIF positions ➔ Different initial field

amplitudes
• ∼ 50 events per data set
• Signal is local for these parameters (𝑁𝑏 = 5 × 1010)
• Signal grows along the plasma

• Saturates for 𝑡𝑅𝐼𝐹 = 250, 350 ps
• Does not saturate for 𝑡𝑅𝐼𝐹 = 450, 550, 650 ps

• Signal below detection threshold for first cameras

• Variations much larger for 𝑡𝑟𝑖𝑓 ≥ 450 ps
• Initial wakefields are no longer (always?) 

set by the RIF
• Initial wakefields come from non-

reproducible noise, or features in the 
bunch ➔ SMI
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Plasma light, SSM and SMI

𝑡𝑅𝐼𝐹 = 250ps

𝑡𝑅𝐼𝐹 = 350ps

𝑡𝑅𝐼𝐹 = 450ps

𝑡𝑅𝐼𝐹 = 550ps

𝑡𝑅𝐼𝐹 = 650ps

• We pick one camera (z=9.5m)
• Each event is displayed, for each RIF

• Clear difference in reproducibility
• SSM events are always above SMI
• Consistent with the fact that Δ𝑁𝑏 is

small, and 𝑊⊥,0,𝑆𝑆𝑀 > 𝑊⊥,0,𝑆𝑀𝐼

• Some outliers, still early in the data 
analysis (variations in 𝑁𝑏, alignment, 
camera acquisition…)
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Transverse profile of the bunch

𝑡𝑅𝐼𝐹 = 250ps

𝑡𝑅𝐼𝐹 = 350ps

𝑡𝑅𝐼𝐹 = 450ps

𝑡𝑅𝐼𝐹 = 550ps

𝑡𝑅𝐼𝐹 = 650ps

• Transverse profile of the bunch at IS2
• Wakefield amplitude is small (𝑁𝑏 = 5 ×

1010 p+)
• No clear halo formed
• But… still defocusing

• Measure 𝜎𝑟 at IS2
• Again, more variations in SSM than SMI

• Question: Do these variations correlate 
with those seen with the plasma light ?



Transverse profile of the bunch
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• Clear correlation
between light and 
transverse size 
variations

• Two independant
diagnostics, observe 
the same variations, 
larger in SSM than SMI



Variations – SSM/SMI

• Transition in amplitude reproducibility occurs
at the same 𝑡𝑅𝐼𝐹 for both plasma light and core 
size

• More plasma light More defocusing

• Correlation between the two quantity 
strengthens the case of plasma light as a 
wakefield diagnostic



Conclusions

• Seeding makes timing of microbunches (phase of wakefields) 
reproducible (Fabian and Livio’s PRLs)

• No evidence so far that seeding also makes the amplitude of the 
wakefields more reproducible

• Reproducible wakefield amplitude is essential for reproducible
acceleration, and energy gain

• We use two indirect wakefield diagnostics
• Plasma light emitted by wakefield dissipation
• Transverse profile of the bunch

• Both of these diagnostic show that seeding reduces shot-to-shot 
variations

• Although independant, show that variations are correlated

• Still early in the data analysis, but promising results, data is very clear, 
other data sets…



• SM can be seeded
• Seeding means that we provide initial field amplitude larger than those driven by noise or features in the longitudinal distribution
• Fabian and Livio had shown that we can seed SM in AWAKE, either with RIF or with e-
• Here we will discuss the RIF method
• Explain RIF seeding method
• Explain results from Fabian
• Phase reproducibility has been demonstrated but the amplitude remains to be shown
• What does it mean for initial field amplitude, to seed SM
• Diagnostics to measure the amplitude of the wakefields ➔ INDIRECT measurements

• Plasma light (spacially resolved for low bunch population)
• Bunch profile (spacially integrated effect)

• Show plasma light along the plasma results for varying RIF
• Clear difference in evolution along the plasma ➔Consistent with halo measurements SSM SMI previous talk
• Clear difference in amplitude reproducibility
• Let's focus on one camera specifically
• Variations are much larger here in SSM than SMI
• We also observe that the maximum amplitude in SMI never exceeds SSM ➔Consistent with W_0,SMI < W_0,SSM
• By setting the RIF at different locations, we allow the initial fields to vary from max SMI to either min RIF or min SMI
• Consistent with the data
• We can also plot the std/mean, here the results are extremely clear
• We see that the std in the case of SSM is much smaller ➔ Also includes all the jitters (bunch charge, bunch timing, bunch shape, alignment etc)
• We see in SMI that as we allow for more variations, we get more variations
• To further convince ourselves we can look at another diagnostic, here, because the bunch charge is small, the halo formed by SM development is small, but we can look at the core of the bunch
• Less charge in the center means more defocusing
• We observe the same type of variations, larger in SMI than SSM
• We can also plot one against the other, and this further shows that the light emitted and bunch core defocusing are both signatures of the amplitude of the wakefields
• We can extract the variations (here, no need to compare the two per say, but can compare the transition)
• We can also plot the streak images
• Second data set

• Conclusion: Very eary in the data analysis, but here we observe that seeding makes the amplitude of SM reproducible, key for AWAKE, important for the control of instabilities in plasma
• We use two independant diagnostics
• Variations are correlated
• Larger in SMI than SSM
• Consistent with streak images


