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Abstract—Field-resolved two-dimensional terahertz spectros-

copy reveals the sub-cycle gain dynamics of a free-running semi-

conductor laser and disentangles resonantly enhanced coherent 

and incoherent nonlinearities up to eight-wave mixing in a regime 

of negative absorption. 

 

tilizing ultrafast electron dynamics in quantum cascade la-

sers (QCLs) holds enormous potential for intense, compact 

mode-locked terahertz (THz) sources, frequency mixers, 

squeezed THz light, and comb-based metrology systems [1-4]. 

Yet the important sub-cycle dynamics have been notoriously 

difficult to access in operational THz QCLs.  

Here, we present the first ultrafast two-dimensional spectros-

copy of a free running THz QCL [5]. Two identical, phase-sta-

ble, single-cycle THz waveforms EA(t) and EB(t,τ) are mutually 
delayed by a variable time τ and focused onto the QCL (Fig. 

1a). The total transmitted field EAB(t,τ) is recorded with abso-
lute phase and amplitude. Synchronous mechanical chopping of 

the two incident THz beams allows us to isolate the nonlinear 

response ENL(t,τ). Figure 1b shows the resulting nonlinear re-

sponse ENL(t,τ) for the unbiased laser. In sharp contrast, switch-

ing on the QCL (bias current of IB = 840 mA) leads to a quali-

tatively different response (Fig. 1c). First, ENL increases by 

more than one order of magnitude, up to almost 10% of EAB. 

Second, the coherent modulation following the second pulse is 

more long-lived and blue-shifted to the laser resonance of νL = 

2.2 THz. Third, the modulation of ENL along t, observed only 

near |τ| = 0 for the unbiased structure, now persists for much 
larger delays, signifying the presence of coherent nonlinear pro-

cesses. To expand ENL systematically into its constituent non-

linear processes [6], we perform a 2D Fourier transform of the 

time-domain data and apply a Liouville path analysis.  

Remarkably we record coherent nonlinearities up to eight-

wave mixing (Fig. 1d), which qualifies the QCL as an excep-

tionally efficient nonlinear optical medium and enables a direct 

extraction of the gain recovery time Tgr (Fig. 1e) and the dephas-

ing time T2 (Fig. 1f) as a function of the bias current. The non-

linearities not only reveal extremely short gain recovery times, 

but also reflect the nonlinear polarization dynamics of the QCL 

laser transition for the first time. A density-matrix approach re-

producing all nonlinearities and their ultrafast evolution, allows 

us to map the coherently induced trajectory of the Bloch vector 

(Fig. 1g). The observed nonlinearities benefit from resonant en-

hancement in a regime of negative absorption and bear potential 

for various future applications, ranging from efficient in-

tracavity frequency conversion and mode proliferation to pas-

sive mode locking. Moreover, highly efficient and tunable 

multi-wave mixing opens up exciting perspectives for intra-

cavity frequency conversion and multiplexing in a single com-

pact electrically pumped device. 
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Fig. 1. Field-resolved 2D THz spectroscopy of a QCL. a, Experimental 

scheme. b, Nonlinear response ENL(t, 𝜏) of the unbiased QCL. The electric field 

is multiplied by a factor of 10 and color-coded as in (c). c, ENL(t, 𝜏), as in (b), 

but for the biased QCL (IB = 840 mA). d, 2D amplitude spectrum of the non-

linear response in (c). For 𝜈𝜏 < -5 THz and 𝜈𝜏 > 2.8 THz the spectrum is multi-

plied by a factor of 7. e, Gain recovery time Tgr of the QCL as a function of the 

bias current, extracted from the PP1 signal (red dots) and the full nonlinear time 

domain signal (grey). f, Decay time of the coherent population 𝑇2 as a function 

of the bias current. g, Temporal evolution of the QCL’s density matrix, shown 

in a reduced Bloch sphere with radius 0.2 for a delay time of 𝜏 = 0 ps and a 

bias current of 𝐼B = 780 mA. 


