
How Flow Cytometry Works: 

Optics, Lasers and 
Photon Detectors
Flow cytometry enables fast, quantitative insights at single-cell level for research and 
clinical use. It is widely used to identify immune cell subsets, detect rare cells in blood, 
and monitor cell health in bioprocesses. Reliable results are therefore paramount. This is 
why the instrument’s optical system matters, especially the lasers, filters, and detectors 
that generate and capture the signal. In this article, we follow the path from sample to 
signal and how optical design and detector choice, including PMTs, APDs, and SiPMs, 
influence sensitivity, linearity, and multiplexing.

Why flow cytometry— and 
why reliability is hard

Flow cytometry can deliver fast results because it 

interrogates cells as they move through an optical 

system, but the same speed makes the measurement 

chain unforgiving.  Weak fluorescence signals, spectral 

overlap, optical losses, and detector noise can all affect 

how clearly cell populations are identified and quantified. 

This is why the optical chain, from laser excitation 

and spectral separation to photon detection must be 

designed for stable, efficient signal capture. 

How flow cytometry 
generates signals 

In flow cytometry, cells suspended in a fluid stream are 

hydrodynamically aligned in single file and pass through one or 

more focused laser beams for optical interrogation. Detectors 

capture scatter and fluorescence to quantify cell properties.

The interaction of incident light with cells generates two 

main optical signals: light scattering and fluorescence.

Light scattering measurements 

• Forward Scatter – primarily correlates with cell or 

particle size

• Side Scatter – reflects internal structural complexity 

or granularity

Fluorescence detection

Fluorescence signals originate from fluorophore-labeled 

antibodies, chemical dyes, or genetically encoded reporters.

These optical signals are collected by photodetectors, 

converted into electrical pulses, and digitally processed 

to generate quantitative cellular parameters used for 

multiparametric single-cell analysis.

The optical chain in 
flow cytometry

Reliable measurements come from controlling the 

optical chain. The instrument must deliver stable laser 

illumination for consistent excitation, collect emitted 

and scattered light, use dichroic mirrors and band-

pass filters to direct specific wavelengths to individual 

detectors, and then convert those photons into 

electrical pulses that can be digitally processed into 

quantitative cellular parameters.
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The core components of flow cytometer

A modern flow cytometer consists of four integrated subsystems:

Figure: Simplified signal path in a flow cytometer, from cell handling and optical interrogation to signal 

conversion and data interpretation.

The optical subsystem 

The optical subsystem consists of an excitation pathway 

and a collection pathway:

Excitation pathway 
(flow cytometry lasers)

Modern instruments incorporate multiple lasers, typically 

at wavelengths such as:

•   405 nm (violet)

•   488 nm (blue)

•   532/561 nm (green/yellow)

•   640 nm (red)

Beam-shaping optics (lenses, mirrors, and spatial filters) 

create a stable, narrow beam for consistent excitation.

Light collection and 
spectral separation

Collected light is separated by wavelength and directed 

to specific detectors:

• Forward Scatter Collection (FSC) typically measured 

with photodiodes for high linearity measurement of cell size.

• Side Scatter Collection (SSC) often uses PMTs or 

SiPMs to capture side-scattered light that is sensitive to 

internal cellular complexity.

• Fluorescence detection employs dichroic mirrors and 

band-pass filters to direct specific wavelengths to individual 

detectors.

High optical purity ensures low spectral spillover and high 

fidelity fluorescence quantification, improving measurement 

accuracy.

Applications of flow cytometry 

Optical design and detector choice affect many flow 

cytometry applications. In immunophenotyping, sensitivity 

and spectral separation help distinguish multiple labeled cell 

populations. In cell cycle, apoptosis, and viability assays, 

fluorescence intensity must be measured consistently 

across different signal levels. In microbial cytometry and 

bioprocess monitoring, compact and stable detection can 

support routine or process-oriented measurements (PAT).

Choosing the right photon 
detector for each channel

Once light has been split into wavelength bands, the 

detector choice becomes makes a difference. The same 

sample can appear different depending on whether a 

channel is optimized for dim fluorescence sensitivity, for 

linearity, or for dense multiplexing, so it helps to match 

PMTs, APDs, and SiPMs to the application.

Photon detection determines sensitivity, dynamic range, 

and stability for dim fluorescence.

Fluidics Optics
Detection & 
digitalization Data analysis

Cell transport 
and focusing

Laser excitation
and light collection

Photon conversion 
and signal processing

Parameter extraction 
and visualization

> > >

2|3

http://


Detector type Best for Why it’s used Trade-offs

Photomultiplier 
tubes (PMTs)

Dim fluorescence chan-
nels and validated clinical 
workflows where maximum 
sensitivity is required.

Very high gain and low noise 
support detection of weak 
photon signals.

Higher voltage and larger 
form factor compared with 
solid-state options.

Avalanche 
photodiodes 

(APDs)

Applications that benefit 
from high linearity, such as 
FSC or moderate-brightness 
fluorescence channels.

Excellent linearity and compact, 
low-voltage integration.

Typically less sensitive than 
PMTs for very dim channels.

Silicon 
photomultipliers 

(SiPMs)

Compact multi-channel 
instruments and spectral 
flow cytometry, where stable, 
uniform detector arrays support 
unmixing.

PMT-like gain in a robust, 
low-voltage solid-state 
package.

Higher dark noise and 
microcell saturation at very 
high intensities, managed by 
design and processing.

PMT selection guide

PMTs, APDs, and SiPMs each come with different strengths and trade-offs for flow cytometry, especially when you are 

balancing dim-fluorescence sensitivity, linearity, and multiplexing.

Where optical 
performance matters

Flow cytometry generates both physical and biochemical 

information. Forward scatter (FSC) and side scatter 

(SSC) report cell size and internal complexity, while 

fluorescence channels report labelled molecular markers. 

In multiparametric assays, those readouts are only 

reliable when excitation is stable, emitted light is cleanly 

separated, and detector response is matched to the 

signal level.

This becomes even more important as assays become 

more complex. Spectral flow cytometry places greater 

demands on spectral separation, detector channels, and 

unmixing, while microfluidic cytometry highlights the value 

of compact optical integration and detector stability in 

smaller-format systems.

Looking ahead

Flow cytometry’s ability to quantify both physical and 

molecular characteristics of complex cell populations 

has made it indispensable across scientific and medical 

disciplines.

Ongoing technological advances promise further 

improvements in sensitivity, resolution, and accessibility, 

ensuring that flow cytometry will remain a cornerstone of 

modern biological measurement for decades to come.

For more information, please contact us 
at info@hamamatsu.eu or visit www.hamamatsu.com.
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